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Abstract 
 
Anthropogenic influences on riverine ecosystems have led to numerous impacts that have 
compromised fish communities. Large European lowland rivers have been amongst the most 
impacted aquatic environments globally. However, paradoxically, these environments have also 
been amongst the least studied, due the inherent difficulties of studying fish in large, turbid, 
dynamic environments. Common bream Abramis brama (L.) populations are amongst those 
impacted by reduced lateral and longitudinal connectivity that are a consequence of 
modifications to large lowland rivers in Europe. Thus common bream in the lower River 
Witham, Lincolnshire, UK, were selected as a case study to examine how fish utilize these river 
systems. 
A literature review was carried out to assess the influence of human intervention on riverine 
ecosystems and their impacts on fish communities. In addition the use of telemetry techniques 
for studying fish populations was reviewed. 
An ecological assessment of the lower River Witham was carried out using data available 
from The Environment Agency monitoring and hydrological systems and data specifically 
collected during this study. The history of this highly modified lowland river was reviewed to 
give perspective, timescale and context to the degree of modification that has been undertaken 
on the river and its consequences. Chemical and biological water quality indicators showed 
improvements in the last twenty years. Fisheries data identified three species that had become 
locally extirpated in the lower river since the 1800s. The river is now roach dominated, but 
common bream are still present, possibly due to available lateral spawning habitats that provide 
surrogates for, and are functionally similar to, the lentic floodplain waterbodies of natural 
riverine ecosystems. Hydroacoustic surveys show that fish communities are aggregated and 
favour the upstream half of the lower river where the channel is more heterogeneous. Recent 
changes in river character have made traditional fishery assessments by seine netting less 
effective. 
Data collected during fish tracking studies are most valuable when the tagged fish are 
behaving naturally, thus the effects of tag attachment should not impact on the behaviour or well 
being of the fish. Acoustic telemetry was used to investigate the impacts of tagging, surgical 
inter-peritoneal implantation, and translocation of common bream. Fish were recaptured 
following surgery and the incision site photographed to assess healing, which was clean in all 
cases. All recaptured fish appeared to be behaving normally as they were part of large shoals of 
fish. On five separate occasions fish were tagged when other previously tagged fish were 
present allowing their behaviour to be compared in terms of the distances moved and linear 
range; there were no significant differences between the two groups indicating the tagging 
procedure to have no detectable impact on the short-term behaviour of the fish at the resolution 
of the tracking undertaken. Three recaptured fish were translocated ~35 km downstream; these 
fish appeared to exhibit homing behaviour, returning to the capture site between 6-24 days. 
14 
 
Their level of activity (in terms of distance moved) did not significantly differ from non-
translocated fish, but their linear range was larger.   
The distribution and habitat use of adult common bream was assessed by tracking their 
longitudinal and lateral movements over forty-three months, producing a dataset of over 3.1 
million detections. A positive relationship between activity and temperature was revealed, with 
common bream moving greater cumulative distances during the warmer months and occupying 
a greater longitudinal proportion of the main channel. The occupancy of tributaries was related 
to temperature, with common bream entering shallow tributaries during rising temperatures in 
the spring, whilst a deeper, slow-flowing tributary was used more frequently during the cooler 
autumn/winter months. During the autumn, occupancy of this deeper tributary was positively 
related to flow rate, suggesting that common bream use this as a refuge from high main channel 
flow.  
The home range concept is at the centre of theoretical models to explain the spatio-temporal 
behaviour of a wide range of animals including fish. There are lots of different ways of 
expressing home ranges, including areas, but since rivers are principally linear systems, most 
range is reflected linearly. Home ranges were calculated for 100% and 90% of locations. 
Seasonal differences were identified with fish occupying larger home ranges during the spring 
and summer opposed to autumn and winter. Artificial water level manipulations, management 
actions for the control of flood risk, affected home range size with fish occupying smaller ranges 
at reduced winter levels than at increased summer levels.  
Analysis of when and how often individuals within a population interact with one another 
provides a method to study the social organisation of animals with the potential to reveal 
ecologically significant aspects that would otherwise have remained hidden. Network analysis 
and social network theory were used to examine the social interactions of the tracked fish. The 
extent of sociality appears to follow a normal distribution, such that there was no evidence of 
discrete classes of social/non-social fish. Fish were more social immediately after tagging and 
less social as time progressed, as such little evidence could be found to support the hypothesis 
that these groups of fish remained in each others’ company for extended periods. However, 
more active individuals were found to be more socially connected, but home-range size did not 
significantly affect sociality. 
The functions of these behaviours are discussed along with potential management and 
rehabilitation strategies for the lower River Witham and other heavily modified lowland rivers 
in order to meet good ecological potential/status under the Water Framework Directive 
(2000/60/EEC). 
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Chapter 1 Rivers, fish and human interventions. 
 
1.1  General introduction 
Riverine ecosystems represent complex systems which drain water falling on the earth’s surface 
and conduct it to the sea (Welcomme, 1994). These are considered to be amongst the most 
human-degraded ecosystems worldwide (Malmquist & Rundle, 2002; Huckstorf et al., 2008). 
River modification to facilitate human civilization, has lead to flow regulation, channelisation 
and habitat degradation which has impacted fish populations (Welcomme, 1994; Pinder, 1997). 
Large lowland rivers support a significant proportion of the world’s fish diversity (Huckstorf et 
al., 2008) and the majority of such environments in Europe have been modified to some extent 
(Cowx & Welcomme, 1998). The long-term degradation of rivers can disrupt the longitudinal 
and lateral river continuum which can separate individuals from specialised / essential resources 
or habitats and which can result in population fragmentation; small populations are more prone 
to extinction than large ones and with fragmentation, recolonisation from other populations is 
less likely (Cain et al, 2011). Anadromous species, such as sturgeon Acipenser spp. and Atlantic 
salmon Salmo salar (L.), are often lost locally, species diversity declines and the sustainable use 
of resources is lost (Junkwirth, 1998). 
Rehabilitation of riverine ecosystems is currently being driven in the European Union by the 
Water Framework Directive (2000/60/EEC). This legislation establishes a framework for the 
protection of groundwater, inland surface, estuarine (transitional), and coastal waters. Objectives 
are to prevent water ecosystem deterioration, to protect and to enhance the status of water 
resources and, most importantly for rehabilitation, is to achieve a ‘good ecological status’ for all 
waters, by 2015 (Borja & Elliot, 2007). The directive also requires ‘artificial waterbodies’ (those 
created by human activity) and ‘heavily modified waterbodies’ (a water body subjected to 
physical alterations by human activity, which substantially changes its hydro-geomorphological 
character) to achieve at least ‘good ecological potential’ by 2015 (Borja & Elliot, 2007). The 
ecological potential of a waterbody represents the degree to which the quality of the 
waterbody’s aquatic ecosystem approaches the maximum it could achieve, given the heavily 
modified and artificial characteristics of the waterbody that are necessary for the use or for the 
protection of the wider environment (UK TAG, 2008). This ecological quality is based upon the 
status of the biological (phytoplankton, macroalgae, macrophytes, benthos and fishes), hydro-
morphological and physico-chemical qualities of the waterbody (Borja & Elliot, 2007). 
Wolter (2001b) has argued long-term studies of fish communities in European lowland 
rivers are lacking. In particular there is a paucity of knowledge about the spatio-temporal 
behaviour and ecology of cyprinid fish in heavily modified large lowland rivers. This may be a 
result of problems in sampling adult fishes in large rivers (Wolter & Freyhof, 2004), which has 
made data on habitat use and movements scarce. Aquatic telemetry offers the opportunity for 
new insights into the ecology of fishes and acoustic tracking is ideally suited for studying these 
large lowland riverine ecosystems. Using the lower River Witham as a case study, the overall 
aim of this study was to attempt to fill knowledge gaps in the long-term movements and habitat 
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use of cyprinids with a view to informing management strategies to conserve and restore fish 
stocks. The study was divided into topics that are addressed in Chapters 1 to 7. Specific 
objectives and hypotheses are stated at the beginning of each chapter. 
Chapter 1 reviews the current literature on fish ecology in riverine ecosystems, 
anthropogenic impacts on lowland rivers, the use of aquatic telemetry and the ecology of 
common bream. 
Chapter 2 uses ecological data to assess the current status of the lower River Witham 
calling upon historic and recent data on fish populations and how these have changed over 
time. 
Chapter 3 describes an investigation of the effects of tagging and long range translocation 
on the spatial temporal behaviour of common bream in the lower River Witham. 
Chapter 4 describes an investigation in to the distribution and habitat use of eighty three 
adult common bream that were tracked in the main channel and tributaries over a four year 
study period, with particular emphasis on identifying spawning and refuge habitats. 
Chapter 5 describes an investigation into the effects of season and water level management 
on the home range size of adult common bream. 
Chapter 6 describes an investigation into the social interactions of the tracked fish.  
Chapter 7 summarises how our improved understanding of common bream ecology can be 
placed in the context of targeted management actions aimed at meeting good ecological 
potential/status under the Water Framework Directive (2000/60/EC). 
The information in this thesis is intended to inform long-term management and rehabilitation 
strategies of large heavily modified lowland riverine ecosystems, to minimise potential impacts 
and maximise potential enhancements. Thus helping to improve and enhance fish communities 
in the future, when pressures on such systems are likely to be even greater than they are today.  
 
1.2 Objectives 
The overall objective of this chapter is to review current literature relevant to understanding fish 
ecology in riverine ecosystems and how anthropogenic effects have shaped lowland rivers 
worldwide. The use of aquatic telemetry is also discussed with an emphasis on its application to 
the study of common bream in the lower River Witham, Lincolnshire, UK. The specific 
objectives are to: 
1. Describe a ‘natural’ riverine ecosystem. 
2. Summarise human pressures on lowland rivers and how these have shaped large rivers; 
3. Provide an overview of the ecology of fish in riverine ecosystems; 
4. Summarise common bream ecology, with reference to management and rehabilitation 
strategies aimed at meeting good ecological potential/status in line with the EU Water 
Framework Directive (2000/60/EC). 
5. Discuss the use of telemetry techniques and their applicability to study fish in the lower 
River Witham; 
6. Outline the aims of this study. 
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1.3 A ‘natural’ lowland riverine ecosystem 
Rivers transport run-off from precipitation and the amount of run-off is dependent on the timing, 
intensity and duration of rainfall events. During periods of high precipitation river discharge 
will increase to the point where the river floods, spreading across onto the land. Junk et al. 
(1989) referred to these areas of land which are routinely inundated in this manner as the aquatic 
/ terrestrial transition zone or the floodplain. The lower reaches of rivers offer lateral habitats, 
within the floodplain which are exploited by fish during seasonal flood pulses (Junk et al., 
1989). Unmodified large rivers consist of two components; diverse active channel(s) through 
which water flows at all times and, the floodplain over which water flows during times of flood, 
seasonally altering between terrestrial and aquatic phases with a range of residual lakes and 
swamps (Welcomme, 1994). Natural erosion and deposition processes cause diversity in both 
components. River channels meander from side to side directing the path of the main flow from 
one side of the channel to the other, with local geology and topography governing the route 
rivers follow. Where the main flow swings towards the bank erosion occurs and where the main 
flow swings away from the bank material is deposited causing sinuosity of the channel (Ward et 
al., 1999). Meander arms grow giving rise to more complex meander patterns increasing the 
channel length (Figure 1.1). Highly developed meanders are cut off through erosion at their 
neck, giving rise to oxbow lakes that can become detached from the main channel only 
reconnecting during times of flood. These same processes of erosion and deposition shape the 
floodplain, creating ecotones between the terrestrial and aquatic environments, with flooding 
and fluvial dynamics maintaining diverse lentic, lotic and semi-aquatic habitat types (Ward et 
al., 1999). Fluvial action may create other habitat features such as channels, dead arms, side-
channels and marshes, while terrestrialisation remoulds habitats during periods of low flow 
(Ward et al., 1999). Deposition and erosion, energised by floods, are dynamic processes which 
are at equilibrium resulting in a consistent channel length with many natural habitat types and 
features which are in a constant state of flux.  
According to Ward & Stanford (1995) river systems consist of three spatial dimensions: 
longitudinal (river – river or tributary), vertical (river - aquifer) and lateral (river - floodplain); 
and the fourth dimension: time. Interactions between these dimensions encompass the long-term 
development of a river system and the shorter term processes of the hydrological cycle. The 
seasonally variable lateral and longitudinal connectivity is a key ecological feature of fish 
species in lowland river floodplain systems (Jungwirth, 1998) with the diversity of floodplain 
habitat providing vital species-specific niches for fishes to complete their life cycles (Copp & 
Peňáz, 1988; Copp, 1989). For example, Bolland et al. (2012) investigated assemblages of 
juvenile fishes by electro-fishing in ten artificial floodplain waterbodies of the lowland River 
Trent, UK, with variable hydrological connectivity, in which waterbodies ranged between being 
permanently connected to the main river channel and only connected during elevated levels. The 
degree of connectivity of waterbodies was positively correlated with species diversity and fish 
communities in poorly connected waterbodies were most dissimilar to communities in the main  
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Figure 1.1 The lower reaches of the unmodified River Rees, South Island New Zealand, with 
complex meander and diverse flow patterns creating lentic and lotic habitat types (authors own 
photo). 
 
river channel, demonstrating the importance of variable lateral connectivity in lowland riverine 
ecosystems.   
 
1.4 Anthropogenic impacts on lowland riverine ecosystem 
River floodplains have been at the centre of human settlement from the origins of civilization 
(Welcomme, 1985). Rivers provide a host of goods and services for society e.g. drainage, water 
resources, food, power generation and recreation. Thus society has modified river channels and 
floodplains for our own purposes. Navigation, power generation and water storage has lead to 
the construction of dams, locks, weirs and impoundments causing barriers, which prevent 
upstream access for migratory fish and reduce the quantity of specialist habitats available for 
spawning (Welcomme, 1985). These impacts have been long understood; in 1215 the Magna 
Carta demanded the removal of numerous weirs along the River Thames so that migratory 
Atlantic salmon and sea trout Salmo trutta L. could pass upstream to access their spawning 
grounds, however there was little response to this edict (Mann, 1988). Modification of the river 
discharge below dams also impacts on both water quality and flow regime (Mann, 1988). 
Industrial, agricultural and residential development in the floodplain has led to reductions in the 
size and function of floodplains. Increased human occupation of the floodplain has been driven 
by demands for rich agricultural land, access to river channels for transport, power generation 
and a general need for living space. This has led to the progressive deforestation of floodplains 
allowing their conversion from semi-aquatic to terrestrial habitats, stabilisation of watercourses 
19 
 
and the drainage of swamps and floodplain waterbodies (Welcomme, 1994). Flood defences are 
built to protect people’s lives, property and businesses so as to sustain economic activity. River 
modification for flood risk management aims to contain rivers through channalisation; the 
straightening, deepening and widening of natural river channels to increase capacity and the 
building of flood banks to exclude floodwaters from land and property (Flemming, 2002). 
Increasing drainage and minimising the area inundated significantly affects the rivers natural 
features and thus adversely impacts habitat diversity in the floodplain. Flood risk management 
also impairs the natural hydrograph necessary to maintain and shape habitat features within the 
river and floodplain alike (Junk et al., 1989). Abstraction from both ground and surface waters 
for industrial and domestic supply and water transfer schemes modify flow regimes and have 
had widespread effects on fish populations. These include low flows, which affect water quality 
and migratory behaviour, thermal discharges, mortalities by entrainment into pumps and 
impingement on intake screens (Mann, 1988) and translocation of fish species (juveniles and 
viable eggs can be transported unintentionally with water) to new environments impacting on 
native populations (Gozlan et al., 2010).  
Direct interventions on lowland river systems are prevalent, with changes in river 
morphology generally shifting systems from lentic habitats, such as are found in backwaters, 
downstream of point bars, or behind overhangs and snags, towards lotic environments devoid of 
shelter and nursery space with reduced longitudinal and lateral connectivity (Welcomme, 1994). 
Loss of habitat diversity leads to reduced populations, local extirpation of species and other 
impacts such as lower genetic variability within fish populations (e.g. Wolter, 1999) potentially 
placing them at an evolutionary disadvantage. River modification generally reduces habitat 
diversity with fewer off-channel areas (Copp, 1997) which provide low velocity environments. 
Slack waters within a lowland river system are particularly important for zooplankton and 
micro-benthic assemblages and as a refuge for adult, larvae and juvenile fish (Humphries et al., 
2006). Floodplain and off-channel waterbodies provide essential habitats for fishes acting as 
both nursery grounds and refuges (e.g. Heermann & Borcherding, 2006). Without an adequate 
number of well-dispersed, off-channel areas along the river’s course, young fish will be unable 
to find refuge during winter and spring floods and will be eventually swept downstream, 
possibly to the sea (Copp, 1997).  
Hydroelectric power stations can have direct effects on fish through entrainment (e.g. 
Hadderingh & Bakker, 1998; Turnpenny, 1998); hydro-peaking, water diversion and poor 
quality water discharge from reservoirs can have negative consequences for aquatic habitats and 
organisms (Jungwirth, 1998). Management action on regulated rivers can impact on fish 
recruitment. For example, weed cutting to reduce flood risk through improved conveyance can 
reduce spawning and nursery habitat (Mann, 1988) and zooplanktonic densities impacting on 
fish growth and abundance (Garner et al., 1996).  
Lowland rivers are particularly susceptible to modification; relative higher flows in the 
lower reaches give better potential for power generation and their locality to sea ports leads to 
increased industrialisation and associated impacts. Also, actions upstream have implications 
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downstream; silt, pollutants and nutrients introduced or disturbed in the upper reaches are 
transported and can accumulate in the lower reaches. Run-off from agricultural land and sewage 
discharges has enriched lowland rivers leading to elevated levels of the plant nutrients nitrogen 
and phosphorus (e.g. Pinder et al., 1997) leading to eutrophication, the effects of which (e.g. 
turbid waters, algal blooms, changes in plant and fish communities) may be problematic 
(Edmondson, 1991; O'Sullivan, 1995).  
The impacts of these interventions on fish communities centre on the loss of, and the 
reduced ability of fishes to exploit, specialised habitats required for the completion of their life-
cycle. River regulation is considered one of the main causes for declines in river fish 
populations (Peter, 1998; Northcote, 1998). Of nearly two hundred European freshwater fish 
species, sixty-seven are now considered to be threatened by human activity (Northcote, 1998). 
Major causes have been identified for forty-eight of these and over half are associated with 
obstructions to migratory pathways at dams, weirs or other alterations in river channel features 
(Northcote, 1998). Fish communities in unmodified large rivers are highly diverse, reflecting the 
structural diversity and habitat richness of connected floodplains (Schiemer, 2000) meaning the 
structure of the fish population reflects its overall quality. For example the relative abundances 
of specifically adapted floodplain species can indicate the quality and extent of lateral 
connectedness (Schiemer, 2000).  
There are many examples of river modification leading to a decline in freshwater fish 
populations in Europe and elsewhere. The Great Ouse, a large lowland system in the east of 
England, has been dredged and channalised with the installation of numerous locks and sluices 
to maintain water levels in the interests of power generation, navigation and land drainage. This 
has reduced lateral habitats and caused deviation from a natural flow regime. Fish populations 
have changed, with a once diverse cyprinid community becoming roach dominated, with a 
notable decline in once abundant common bream, and the extinction of the burbot Lota lota (L.) 
(Pinder, 1997) and the European sturgeon Acipenser sturio L. (Pinder et al., 1997). Recruitment 
of other limnophilic and rheophilic species like silver bream Blicca bjoerkna (L.), tench Tinca 
tinca (L.) and rudd Scardinius erythrophthalmus (L.) appeared low and their distribution 
sporadic when compared to a similar unmodified habitat the River Biebrza in Poland (Copp, 
1990). Similarly, Wolter (2001a) surveyed nineteen modified (primarily for navigation) lowland 
waterways in Germany, which were found to be dominated by roach Rutilus rutilus (L.) and 
perch Perca fluviatilis L. Areas of artificial shoreline structures like riprap or sheet piling lead to 
reduced species richness, diversity and abundance of intolerant species. Similarly, Wolter & 
Vilcinskas (1997) carried out electro-fishing surveys of eleven lowland rivers in Germany. Two 
trends could be identified in the fish assemblage owing to human influences; an increase in the 
dominance of roach and perch, and a decrease in species number. In particular, intolerant fish 
with a preference for sand or gravel substrata and current diversity had become rare and 
endangered. The influence of habitat modification on fish assemblages was anaylsed by Pilcher 
et al. (2004). Biomass, density and species diversity were compared between parallel 
channelised (modified for navigation) and natural (unmodified) side loop sections of the Rivers 
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Lee and Stort in Eastern England. All three parameters were significantly lower in channalised 
sections than in natural sections. Native species such as the common bream, European eel 
Anguilla anguilla (L.), barbel Barbus barbus (L.), pike Esox lucius L., chub Leuciscus cephalus 
(L.), dace Leuciscus leuciscus (L.), perch and roach were more abundant in the natural river 
sections. Channelised sections were absent of the rheophilic barbel whilst favoured by the 
limnophilic tench. 
River modification is extensive globally (see Welcomme, 1994) and future pressures are 
likely to put further stress on these environments. Human population growth will increase 
demand for agricultural output and increased development will lead to yet further modification 
of river corridors. The effect of climate change is likely to increase rainfall intensity leading to 
increased flood risk (Law, 2002) which will in turn increase demand for flood defence schemes 
and river management. Climate change is predicted to cause lower summer flows and 
consequently increased residence times which will increase nutrient, organic and biological 
contaminant concentrations with the potential to compromise water quality and increase 
phytoplankton growth (Johnson et al., 2009). Thus, rivers in the southern UK may become a 
less favourable habitat for some species of fish, such as the Atlantic salmon, and may give rise 
to the temporary loss of ecosystem services, such as providing water of acceptable quality for 
abstraction (Johnson et al., 2009). Measures to reduce carbon dioxide production have led to 
resurgence in small scale low-head hydropower (Environment Agency, unpublished data) which 
has the potential to fragment riverine ecosystems. However, such developments do present 
numerous opportunities to have improvements for fish passage brought in as mitigation 
measures agreed prior to their approval. Increasing oil prices will increase the cost of importing 
food and goods, producing pressure to grow more food locally which may result in increased 
fertilizer use and water abstraction. 
 
1.5 Fish ecology and rivers 
Fish have evolved life history strategies that suit their environment. For example, Atlantic 
salmon construct gravel nests called redds in which they lay their eggs. Redds prevent the eggs 
from being washed downstream in the high flow environment in which they reproduce 
(Gallagher et al., 2008). By contrast in lowland rivers common bream attach their eggs to 
aquatic plants in the lentic off-channel areas. Amongst fishes, reproductive strategies are diverse 
e.g. non-guarders; open substratum spawners and brood hiders; guarders; substratum choosers 
and nest spawners; and bearers; external and internal, and this preference has been used to 
classify species into ecoethological guilds (Balon, 1975, 1981). Table 1.1 gives a simplified 
classification of fishes of modified European floodplain rivers into guilds by their habitat 
requirements (from Schiemer & Waidbacher, 1992; Nunn et al., 2007). 
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Table 1.1 Fishes of modified European floodplain rivers have been classified into guilds by 
their habitat requirements. Simplified from Schiemer & Waidbacher (1992) and Nunn et al. 
(2007). 
Guild Spawning, nursery and adult habitat requirement Example species 
Rheophillic Flowing water to spawn and are usually found in fast-flowing, well 
oxygenated stretches of river where substratum is characterised by 
sand or gravel 
Dace, chub & barbel 
Limnophilic Low velocity habitats such as floodplain waterbodies, back waters and 
oxbow lakes 
Tench & common 
bream 
Eurytopic Less strict requirements for spawning and are thus able to establish 
populations in a wide range of waterbodies 
Perch & roach 
 
 
Upland reaches of rivers are characterised by cool spring water and steep gradients resulting 
in water which is both fast flowing and highly aerated. As rivers progress towards the lowland 
they become larger, gradients reduce, slowing flows and allowing deposition of silt which 
increases aquatic plant growth (Mann, 1988). Huet (1959) described how river habitats progress 
to this ilk; the trout zone has stony substrate with variable width and depth. This changes into 
the grayling zone; larger deeper streams with pronounced riffle-pool sequencing and bottom 
substrate a finer material than the trout zone. Both of these zones are predominantly habitats for 
salmonid fish species, phenotypic adaptation to these environments make for streamlined body 
shapes to minimise energy expenditure in high velocity currents, high dissolved oxygen 
concentrations and a relatively low temperature (Phillips & Rix, 1985). Next comes the barbel 
zone; fast flowing sections and quiet backwaters with increased aquatic plants, this zone is 
dominated by rheophillic fish species. Finally the bream zone; characterised by deep turbid 
water with slow currents found in lowland rivers and canals with extensive macrophyte growth 
(Mann, 1988), here limnophilic species dominate. Not all of these zones need occur in every 
river, nor every species in each zone, but these key habitat types have provided a practical basis 
for fisheries management (Mann, 1988).  
In the dynamic aquatic environment, swimming is essential to survival. Mobility is 
necessary for predator avoidance, foraging and to satisfy daily and seasonal habitat 
requirements. River fishes constantly endure swimming against the flow simply to hold a 
stationary position. The aquatic environment, although dense, affords a low friction, 
weightlessness medium that coupled with fishes’ streamlined body morphology allows almost 
constant travel at minimal energetic cost. As such, freshwater fish have the potential to be very 
mobile animals with the ability to move over large distances and exhibit daily and seasonal 
patterns of movements (see reviews by Northcote, 1984 and Lucas & Baras, 2001). Winter and 
Fredrich (2003) note some very large movements for cyprinids; black sea roach Rutilus frisii 
(N.) > 1000 km (Nikol’skii, 1961), Colorado squawfish (pikeminnow) Ptychocheilus lucius G. 
up to 400 km (Tyus, 1985), Nase Chondrostoma nasus (L.) 446 km (Steinmann et al., 1937), 
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barbel 318 km (Steinmann et al., 1937) and ide Leuciscus idus (L.) > 200km (De Leeuw & 
Winter, 2008) which demonstrate the potential these fishes have to move over large distances. 
There have been many definitions of migration in fisheries science starting with Heape’s 
(1931) distinction between migration “A class of movement which impels migrants to return to 
the region from which they have migrated” and emigration “movements which entail change of 
environments, but which do not involve return to the original area of habitat”. Three types of 
migration were recognised: alimental migration, in search of food; climatic migration, in search 
of more suitable environmental conditions; and gametic migration, for reproduction. Northcote 
(1998) defined migration as “movements involving regular cyclic alternation between different 
habitats used for spawning, feeding, or survival”. While Lucas and Baras (2001) consider 
migrations to be “out of the ordinary larger than usual movements for a specific purpose, 
usually seeking out specialised habitats”, while movements are simply “everyday changes in 
the animals location”. Out of the ordinary movements not directly associated with migratory 
behaviour are called excursions and represent a little studied aspect of freshwater fish behaviour 
(Muhlfeld & Marotz, 2005; Knight et al., 2008). 
Migratory life-history strategies of fish have also been used to classify species, according to 
the following scheme: 
1. diadromous fish travel between salt and fresh water. (Greek: 'Dia' is between; Greek: 
‘Dromous’ is moving in a specific manner) There are three types of diadromous fish: 
 anadromous fish live in the sea, but return to freshwater in order to breed (Greek: 
'Ana' is up; The noun is "anadromy")  
 catadromous fish live in fresh water, but breed in the sea (Greek: 'Cata' is down)  
 amphidromous fish move between fresh and salt water during some part of life cycle, 
but not for breeding (Greek: 'Amphi' is both)  
2. potamodromous fish migrate within fresh water only. (Greek: 'Potamos' is river) 
3. oceanodromous fish migrate within salt water only. (Greek: 'Oceanos' is ocean) 
(Lucas & Baras, 2001) 
 
1.6  Common bream ecology 
The common bream, also known as bronze bream, is a predominantly benthic feeding cyprinid 
found throughout western and central Europe and into Asia (Figure 1.2; Wheeler, 1978; 
Maitland & Campbell, 1992). They are classified as potamodrous and limnophilic. 
Predominantly a shoaling species (Backiel & Zawiska, 1968; Phillips & Rix, 1985) common 
bream favour lowland, slow moving fresh and brackish waters with their distribution being 
limited by the conditions necessary for reproduction and embryonic development. Water 
temperature should not exceed 28 ºC. Oxygen content requirements are different for specific life 
stages and should be no less than 1.8 mg/L for larvae, 5 mg/L for embryos and 0.3 mg/L for 
adults. Common bream are tolerant of salinity of up to 2.8% (Backiel & Zawisza, 1968). Heut’s 
(1959) classification of rivers referred to the lower reaches of rivers as the ‘bream zone’ due to 
this species preference for and prevalence in this type of river habitat.  
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Figure 1.2 Common bream distribution map redrawn from Wheeler (1978). 
 
“Quiet waters usually in the lower stretches of the streams (including ditches, canals and 
large rivers) make up the bream zone. In these waters current is slight, summer water 
temperature high and dissolved oxygen often fairly low. The water is often turbid and water 
depth may exceed two metres. Larger streams in the bream zone typically flow through a wide 
valley and often rivers of this type have been dredged and straightened to aid navigation. Calm-
water cyprinids, especially bream, carp, and tench predominate, along with an abundance of 
roach” (Huet, 1959). 
Exceptionally deep bodied with a strong lateral compression adult common bream are easy 
to identify. They have dark grey, dark silver or brown body colouration, depending on water 
clarity, with dark brown fins. The tail is deeply forked with pointed lobes, and common bream 
have a long anal fin and a short but tall dorsal fin set back behind the pelvic fins (Phillips & Rix, 
1985). The head is small, the back rather humped and the body is very slimy and covered by 
large strong cycloid scales that can be used for age determination (Maitland & Campbell, 1992). 
The age of a fish can be calculated by counting the number of rings, or “annuli”, laid down in a 
fish scale. During the colder winter month’s fish grow more slowly and scale deposits are laid 
down close together, forming a dark ring similar to a tree trunk. Rapid summer growth results in 
thinner deposits and the formation of a wider, lighter ring across the scale. These light and dark 
rings depict a history of growth over a period of time and therefore represent the age of the fish 
(Bagenal, 1973; Environment Agency, undated). Juveniles are silvery in colour, and can be 
confused with the smaller silver bream, however lateral scale (less than 60), dorsal (12) and anal 
(25-31) fin ray counts can be used for accurate identification and common bream also have a 
snout longer than the diameter of the eye (Wheeler, 1978; Phillips & Rix, 1985). Unlike many 
cyprinids, adult common bream are easy to sex determine according to the external features 
(Kennedy & Fitzmaurice, 1968). Rough texture of the skin and raised tubercles on the head, 
back and shoulders identify the males during the spawning season, although evidence of 
tubercles can be visible throughout the year. Common bream can grow up to 80 cm, although 
average adult size is between 25-45 cm. They are relatively long lived with individuals reaching 
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over 20 years of age (Maitland & Campbell, 1992), with exceptional individuals having been 
aged at 32 years (Backiel & Zawisza, 1968).  
The common bream also readily hybridises with other cyprinids, especially with the roach to 
produce the commonest cyprinid hybrid in Great Britain (Cowx, 1983). Common bream x rudd 
hybrids (Maitland & Campbell, 1992) and common bream x silver bream hybrids are also 
common in some areas (Wheeler, 1978; Matondo et al., 2009). These hybrids can sometimes be 
fertile and may breed with either species with the resulting offspring being nearer in character to 
the parent species (Cowx, 1983; Phillips & Rix, 1985). Hybridisation occurs when there is an 
overlap of spawning season and habitat. Changes in river morphology, canalisation and reduced 
lateral and longitudinal connectivity have the potential to increase the incidence of hybridisation 
by reducing the number of potential spawning sites (Cowx, 1983). 
Molls (1999) describes an age-dependant habitat shift in the life-cycle of common bream 
between the main river Rhine, Germany, and its oxbows. Adult common bream of over 5 years 
of age migrated into oxbows to spawn before returning to the main river, although some 
remained resident. Young of the year and one year old juveniles were abundant in these oxbows 
until they emigrated to the main river where they remained until reaching maturity. No 
immature common bream between the ages of 2 and 5 years old were found in the oxbows, yet 
these were plentiful in the main river. This habitat shift may be related with feeding strategies, 
as these change with age and season.  
Juveniles feed predominantly on planktonic prey items such as copepods, cladocera 
(Winfield et al., 1983), cyclops, rotifers and diatoms (Backiel & Zawisza, 1968). By contrast 
adults favour benthic feeding (Cowx, 1983) with a mouth that can be extended as a feeding tube 
(Backiel & Zawisza, 1968), but will exploit locally and seasonally abundant pelagic food 
sources (Lammens, 1985; Schulz & Berg, 1987; Breukelaar et al., 1994). Stomach contents of 
adult common bream from the Norfolk Broads were found to include Cladocerans (planktonic 
water flea) (31.0%) and Copepods (mostly planktonic and some benthic) (28.7%) and insect 
midge larve and pupae (13.1%) (benthic) suggesting both benthic and midwater planktonic 
feeding behaviour (Hartley, 1947). Goldspink (1978) confirms the general benthophagic habit of 
the species with oligochaeta Limnodrilis spp.(a benthic worm), chironomid larve Tanytarsus 
spp. and Pentapedilium spp. and the occurrence of large numbers of cladocera (water fleas) 
being a common features in the diet of large (>25 cm) common bream. Large common bream 
(total length 30-35 cm), feed pelagically by pump filter feeding, a series of rapid suction 
movements in which the premaxilla is protruded 100-200 times a minute briefly interspersed 
with closed protrusion movements when prey are filtered through the buccal cavity and 
swallowed. Smaller common bream (total length) 15-20 cm behave in a similar fashion while 
feeding pelagically, but are also particulate feeders, attacking prey individually, when prey 
density is low (Lammens, 1985). While feeding on benthic macroinvertebrates common bream 
tilt downwards from between 60 to 90 degrees (Svendsen et al., 2005) and can cause the re-
suspension of sediments, increasing turbidity and nutrient release into the water column 
(Breukelaar et al., 1994), to such an extent that shoals of feeding fish can often be located by 
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spotting areas of churned up suspended mud and silt (Phillips & Rix, 1985). As such, the 
removal of common bream and other cyprinids has been used as a restoration technique 
(biomanipulation) in efforts to restore eutrophic lakes (Perrow et al., 1997). Their removal not 
only prevents nutrient release from disturbed sediments, but also reduces predation on 
zooplankton thus promoting the numbers of these algae grazing animals which reduces blooms 
and restores clear water conditions that allows macrophyte establishment (Lammens, 1999). In 
the same vein, this benthic feeding behaviour by common bream has also prompted changes in 
the ecological quality of receiving watercourses following their introduction as non-natives 
(Volta et al., 2013). 
Feeding is reduced in both the spawning season and during the winter when water 
temperatures drop below 4-5 ºC although common bream have been known to feed at 
temperatures as low as 0.5 ºC (Backiel & Zawisza, 1968). Sudden drops in temperature are 
likely to stop feeding although once fish become acclimatised to lower temperatures, feeding at 
a reduced rate is likely to continue. Metabolic rate decreases at cooler temperatures (Hölker, 
2006), slowing to 25% of that at 20 ºC at 5 ºC (Backiel & Zawiska, 1968),  
Hickley and Dexter (1979) constructed expected lengths-at-age growth curves for common 
bream, demonstrating early fast growth reaching lengths of over 100mm in the first year , over 
150 mm in their second year and ~200mm in their fourth year when they reach sexual maturity. 
Growth rates will be dependent on prey availability and thus vary from river to river and varies 
with gender. Marciak (1972) positively correlated growth rates with the standing crop biomass 
of invertebrates in mud. Sex variation in growth rates were observed in the River Exe, Devon 
UK, with males exhibiting rapidly declining growth rates after six years which was not 
paralleled in the female growth curve. This is thought to be a strategy for maximizing 
reproductive capacity as female fecundity increases with size (Cowx, 1983). Sexual maturity 
varies considerably with climate, ranging from between three to ten years, and is determined by 
‘physic logical age’ being reached at lengths between 14-30 cm, with males frequently reaching 
maturity before females of the same age (Backiel & Zawisza, 1968). Described as semi-
migratory, common bream of the Black Caspian and Azov seas are known to exhibit large 
migrations of up to 100 km during spring and autumn. The spring time spawning migration and 
over-wintering autumn migrations are both from brackish sea feeding areas into the lower 
reaches and deltas of large rivers (Backiel & Zawisza, 1968). Common bream spawning 
migrations in freshwater (Whelan, 1983; Schulz & Berg, 1987; Prignon et al., 1998; Molls; 
1999; Grift et al., 2001; Lilja et al., 2003) occur in May-July and can vary from 5-60 km (Lucas, 
1998). These are triggered by rising water temperatures (Prignon et al., 1998; Lilja et al., 2000). 
Schulz & Berg (1987) observed long distance movements occurring more frequently during 
spawning time and increased shoaling behaviour (spawning aggregations) with movements 
between spawning sites up to 10 km apart in Lake Constance, Germany. Whelan (1983) showed 
that aggregations of common bream at a single spawning site on the River Suck, Ireland, broke 
up into four separate shoals when they returned to their feeding grounds up to 59 km away. 
Prignon et al. (1998) observed fish captures from 1989 to 1994 at the Tailfer Dam on the River 
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Meuse in Belgium. Movements of mature common bream occurred during mid-May to July 
when water temperature varied between 13-23 ºC. Lilja et al. (2000) used echo-sounding and 
net traps to study fish migrations in a channel between a large mesotrophic and a small 
eutrophic lakes in Finland. Capture of common bream in the net trap peaked when water 
temperatures reached between 14-16 ºC. 
Spawning occurs at high water temperatures in the middle of spring - early summer after 
gonad maturation has taken place. The oocyte development is often asynchronous amongst fish 
of different sizes and ages (Rinchard & Kestemont, 1996; Fredrich et al., 2003) which can 
fraction spawning into several temporal groups. Common bream generally spawn once a year, 
but have been known to spawn twice or three times near the limit of their southerly range 
(Backiel & Zawisza, 1968; Shikhshabekov, 1972). Spawning takes place when water 
temperatures range between 16-18 ºC (Backiel & Zawisza, 1968) or reach more than 15 ºC 
(Maitland & Campbell, 1992). Spawning is polygamous i.e. occurring repeatedly between 
different males and females (Backiel & Zawisza, 1968; Poncin et al., 1996) in shallow weedy 
areas (Maitland & Campbell, 1992). The males are ready to spawn first, linger on the spawning 
grounds longer than females, becoming aggressive defending small territories from rival males 
(Maitland & Campbell, 1992; Giles, 1994). Other spawning strategies, e.g. lek and sneaking 
may be adopted by different males during spawning (Poncin et al., 1996). Females can produce 
on average 100,000-200,000 eggs (although this can range from 2,000-900,000) and spawn 
several times until all their eggs are laid. Spawning behaviour is easily identified; fish are 
aggressive with much splashing and bow-waving. Common bream spawn in sheltered places 
where the water is either still or the current is weak most often in depths from 20-80 cm, 
although can range from 9 cm to 17 metres (Backiel & Zawisza, 1968). Where rivers are 
allowed to meander, common bream have been shown to spawn in the slack water of oxbows 
(Molls 1999; Borcherding et al. 2002). The temperature of the water is important, with first 
spawning occurring in shallower warmer water. In environments with variable water levels, 
common bream often spawn on inundated areas and success is dependent on 
hydrometeorological conditions (Backiel & Zawisza, 1968). Common bream are phytophilous 
and are known to spawn on macrophyte substrata (Pinder, 1997) and marginal reed beds (Giles, 
1994). Eggs are between 1-2 mm in diameter and yellow in colour once fertilised outside the 
body. Natural fertilisation of eggs is high 90-100% (Backiel & Zawisza, 1968), they adhere to 
plants and hatch in about 5-10 days depending on water temperature (Maitland& Campbell, 
1992), or from 1430-1890 degree hours at 20-22 ºC (Backiel & Zawisza, 1968).  
Once eggs hatch they develop quickly from immobile yolk-sac fed 4-5 mm long larvae to 
actively swimming fully developed fish of 20 mm feeding on zooplankton, green algae and 
diatoms after twenty days (Backiel & Zawisza, 1968). Through much of this development they 
are free drifting with any currents and reside near the shore and amongst plants in lentic habitats 
(e.g. Copp & Peňáz, 1988). Mortality of larvae is high, usually between 95-99% (Backiel & 
Zawisza, 1968). Fish then enter an adolescent phase lasting from 2-8 years, dependant on local 
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conditions, the basic period of development and organogenesis ends at the length of 75-107 mm 
and they attain their final body shape when longer than 14 cm (Backiel & Zawisza, 1968).  
In central and eastern Europe, common bream are an important commercial species and are 
caught in large numbers by traps and seine nets, while it is a popular sporting fish in many areas 
of Great Britain (Maitland & Campbell, 1992). Natural predators of adult common bream 
include the otter Lutra lutra L. (Erlinge, 1968; Copp & Roche, 2003) and common seal Phoca 
vitulina L. (authors observation in the River Witham), juveniles will be taken by piscivourous 
fish such as pike and perch and birds such as cormorant Phalacrocorax carbo carbo (L.) 
(Britton & Shepherd, 2005) and grey heron Ardea cinerea L. (Feunteun & Marion, 1994). 
Common bream larger than 20 cm are attacked rarely and only by very large predatory fish 
(Backiel & Zawisza, 1968) or mammals, due to their lateral compression which makes them 
difficult to ingest whole. 
Common bream have the potential to be a very mobile species. Large spawning migrations 
have been observed (see above) and common bream have also been observed making autumnal 
movements into drainage ditches of floodplain lakes in the lower Rhine, Germany, for over-
wintering when water temperatures dropped below 10 ºC (Borcherding et al., 2002). Slow 
swimming is characterised by pectoral propulsion while faster swimming is gradually 
dominated by caudal propulsion. Body angle becomes more level as swimming speed increases, 
with slow swimming usually being associated with a head down posture (Svendsen et al., 2005). 
Swimming speeds increase with length, 0.66 m/s for 12-16 cm long fish, 0.90 m/s for 24-28 cm 
long fish (Backiel & Zawiska, 1968). Swimming speed can be maintained for considerable 
lengths of time, with large quick movements being observed by both Langford (1979, 1981) and 
Lyons & Lucas (2002) using telemetry techniques. Floy tagging of 2,763 adult common bream 
re-released into the river Suck, Ireland, resulted in 110 recaptures, 35 were recorded at 2-59 km 
from the original tagging site while 75 were recaptured on site (Whealan, 1983). Goldspink 
(1978) marked 4,619 adult common bream with operculum chicken wing tags (Goldspink & 
Banks, 1971) in Tjeukemeer, a large shallow lake in the Netherlands. The majority of fish 
recaptures were from the same lake in which they were marked, but some fish also travelled 
through connecting channels to adjoining water bodies and were recorded up to 60 km from the 
release point. Homing behaviour has also been observed by common bream (Vostradovsky, 
1975) and following translocation by Malinin (1971), Langford (1979, 1981) and Goldspink 
(1978).  
Movements can be triggered by environmental factors. Alabaster & Robertson (1961) 
observed common bream, roach and perch behaviour in very large convoluted tanks forming a 
500 foot (~150 m) long channel with many side bays where temperature and dissolved oxygen 
could be monitored and manipulated. Observations of roach were made for two weeks prior to 
any manipulations being made, in which time the fish moved routinely. During the daytime 
roach were only observed in two bays of the tank, at night fish were observed in these same 
bays but just after dawn the roach became very active and swam over considerable lengths of 
the tank’s channel, this coincided with minimum recorded values of both temperature and 
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dissolved oxygen. Similar pronounced activity of perch and common bream was observed at 
dawn and also dusk. Shoals of both perch and common bream broke up in the evening into 
smaller groups, sometimes as small as a single fish, but at dawn both species came together 
forming a single group which remained intact throughout the day, demonstrating diurnal activity 
behaviours in common bream.  These observations were maintained even when temperature was 
artificially maintained, suggesting these behaviour are a response to light levels as opposed to 
environmental variables. However, changes in temperature and dissolved oxygen concentrations 
did cause movements independent of these diurnal patterns in all three species. When fish were 
exposed to changing temperature or dissolved oxygen concentration they became more active 
and increased their range of swimming, tending to move away from changing conditions 
towards areas where conditions were nearer those to which they were acclimatized before 
conditions were manipulated. 
 
1.7  Studying spatio-temporal behaviour of fishes with telemetry techniques 
For some large oceanic species annual migration circuits extend to as much as 10,000 km 
(Arnold & Dewar, 2001) and the migrations made by the Atlantic salmon and the European eel 
can be dramatic and relatively obvious. Humans have been exploiting these migrations to and 
from the sea where fish have congregated at natural barriers for thousands of years (Lucas & 
Baras, 2001) and specifically designed man made barriers and traps have been used to increase 
fishing efficiency. Scientific research on the spatio-temporal behaviour of fishes has been biased 
towards salmonids and has concentrated on their return migrations through natal freshwater 
environment required to complete their life cycle. This has been driven by the commercial value 
of salmon fisheries (Radford et al., 1991); Peirson et al. (2001) placed a capital value of salmon 
fishing rights in England and Wales at £128 million.  
However, potamodromous migrations of fishes can be subtle and difficult to detect, as such 
scientific study in this area has been limited. Migrations by freshwater fish occur between three 
types of habitat feeding / growth, spawning and refuge and as such migrations can be classified 
as feeding, refuge and spawning dependant on the destination motivation (Figure 1.3; Lucas et 
al., 1998b). Spawning migrations have been observed in many cyprinids, for example barbel 
(Lucas & Batley, 1996) and chub (Fredrich et al., 2003), these being triggered by increases in 
water temperature (Waidbacher & Haidvogl, 1998). Migrations to over-wintering habitats have 
also been observed in cyprinids e.g. in ide (Winter & Fredrich, 2003), and migrations between 
adult and juvenile habitat types have also been observed e.g. in common bream (Molls 1999).  
The timing and size of such migrations will be species specific and environmentally 
dependent. In environments with an abundance of suitable habitat types, migrations are likely to 
be smaller than where habitat types are limited and fish are forced to travel longer distance in 
search of a certain habitat type. 
Modern telemetry technology offers researchers a very powerful tool for studying the long-
term movements of individual fishes, with high temporal and spatial resolution (see reviews by  
 
30 
 
 
 
 
Figure 1.3 ‘Coarse fish migration occurrence causes and implications’ reproduced from Lucas 
et al. (1998b) modified from Northcote (1978). 
 
Lucas & Baras, 2001; Jellyman, 2009). The use of electronic tags has been one of the most 
important advances in the study of the behaviour and distribution of fishes in the freshwater 
environment (Lucas & Baras, 2001). Beginning with the use of a simple coloured ribbon 
attached to the tails of Atlantic salmon to observe localised movements as far back as the 17th 
century (McFarlane et al., 1990; Lucas & Baras, 2001) to modern day satellite technology 
monitoring movements of bluefin tuna Thunnus thynnus (L.) on a near global scale (Sibert et al., 
2006) the tagging and tracking of fish has developed as researchers have strived to gain more 
detailed knowledge of behaviour. 
Battery operated acoustic and radio tags have a limited life span, as battery life is limited. 
There is a trade-off with tag life and size, limiting the duration of study if tag size is to be kept 
appropriate for use with anything but the largest of fishes. Radio transmitters are a popular 
method of studying animal behaviour (see Cochran, 1980; Priede & Swift, 1992; Cooke, 2008) 
and are suitable for fish research in low conductivity (< 500 µS/cm) environments (Cooke et al., 
2012) having been used frequently (e.g. Lucas & Batley, 1996; Huber & Kirchhofer, 1998; 
Kuiskova et al., 2009). Acoustic or ultrasonic tracking dates back to its development by 
Trefethen-Parker (1956) and Henderson et al. (1966) and is usually applied in the marine 
environment as it is suitable for use in highly conductive environments where radio telemetry is 
not. However, it has rarely been used with cyprinids, for example with common carp Cyprinus 
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carpio L. (Johnson & Hasler, 1977) and common bream (Langford, 1974, 1979 & 1981; Schulz 
& Berg, 1987; Lyons & Lucas, 2002). Passive Integrated Transponders (PIT) telemetry has the 
advantage that no battery power is required within the tag itself and so offers a more long-term 
option. However PIT telemetry requires the tag to pass within close proximity (~1 m) to aerial 
receivers and so its application is usually restricted to streams and small rivers or where fish are 
forced to pass through narrow structures like fish passes (see Lucas et al., 1999, Lucas et al., 
2000; Skov et al., 2005). PIT, radio and acoustic tags are coded so individuals can be identified 
and distinguished from each other. 
Tracking methods vary, and fishes may be tracked manually on foot (e.g. Lucas & Batley, 
1996) or from a boat (e.g. Lyons & Lucas, 2002; Kuiskova et al., 2009) or remotely with fixed 
receivers. Manual tracking studies rely on regular visits to the field and the physical location of 
each tagged individual to be determined and recorded. This technique tends to have better 
spatial coverage, assuming access to the whole study area is possible, and resolution by using 
triangulation of the signal to give an accurate (± <10 m) position of the transmitter and thus 
individual. However unless individual tagged fish are monitored intensively data on fish 
locations can only be collected relatively infrequently thus lacking temporal resolution of fish 
location. By contrast fixed receivers offer data with complete temporal coverage, as they can 
operate continuously, but with limited spatial coverage and resolution as data will only be 
recorded when an individual is within range of a receiver and then this will only indicate that the 
tagged individual was within the range of the receiver, which may be several hundred metres. 
Previous tracking studies have relied heavily on manual tracking techniques which are both 
restrictive and labour intensive. Manual tracking is usually restricted to daylight hours and for 
relatively short periods which has the potential to introduce bias (Clough & Ladle, 1997; Baras, 
1998). Manual tracking studies also vary in the temporal frequency of locations, for example; 
Kuiskova et al. (2009) recorded the position of radio tracked ide once every three hours on one 
day a week, over a 12 month period. While Lyons & Lucas (2002) located tagged common 
bream on at least three separate days each week, a total of 24 occasions, over 55 days, data 
collection occurred over four equal length time periods and on two occasions selected 
individuals were monitored throughout a 24 hour cycle. The time interval between fish locations 
may overlook certain movements, especially those diel movements to and from resting and 
feeding places (Clough & Ladle, 1997), and can lead to underestimations of both home range 
size and mobility (Ovidio et al., 2000). Through sub-sampling, multiple daily locations for 
radio-tracked brown trout Salmo trutta L. down to single observations at 2, 4, 7 and 14 day 
intervals, Ovidio et al. (2000) demonstrated reductions of accuracy from 13% (2 day interval) to 
48% (14 day interval) for home range size and 28% (2 day interval) to 82% (14 day interval) for 
mobility estimations. Ovidio et al. (2000) concluded that any interval of locations probably has 
the potential to produce bias compared to the actual movements of trout and that fish should be 
ideally monitored continually to obtain the most accurate results. The popular arrangement of a 
single mobile receiver is also restrictive, making the tracking of many individuals at the same 
time problematic (Lucas & Baras, 2001). Manual tracking may also impact on behaviour (e.g. 
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Winter, 1983; Lyons & Lucas 2002) as human presence is required close to the animal being 
tracked is necessary, which may be detected and influence the behaviour of the fish. It also 
generates the possibility of numerous errors and inconsistencies in field data recording and 
signal interpretation both within the same study and particularly between studies. 
Alternatively, tracking can be conducted automatically with fixed receivers (e.g. Westerberg 
& Lagenfelt, 2008) which record the date and time tags are detected. Acoustic telemetry has 
recently benefited from technological advances. Automatic data logger acoustic receivers have 
been developed (Lacroix & Voegeli, 2000) and can been used to record fish movements 24 
hours a day, 7 days a week. These have been used in the marine/esturine environment to study 
Atlantic salmon smolts (Moore et al., 2008) and European eel (Westerberg & Lagenfelt, 2008). 
In the freshwater environment they have been used to study sea trout, Atlantic salmon (Bendall 
& Moore, 2008) and European eel (Aarestrup et al., 2008). These receivers standardise data 
capture to a certain extent but factors such as turbidity, macrophyte growth, background noise, 
algae and fouling can impede acoustic propagation and reception, reducing the detection range 
of tags locally. Continual monitoring with fixed receiver stations covering all of the 24 hour 
cycle has rarely been practiced in the freshwater environment or with cyprinids (see Lucas & 
Frear 1997; Lucas et al., 1999; Lucas et al., 2000; De Leeuw & Winter, 2008).  
Cyprinid species form a large proportion of fish communities in European lowland rivers, 
but relatively little is known about their spatio-temporal behaviour in such environments (Lucas 
& Baras, 2001). Those studies that have been carried out on cyprinids have tended to 
concentrate on rheophillic species such as chub (Allouche et al., 1999; Fredrich et al., 2003), 
barbel (Baras, 1992; Baras, 1995; Baras & Philippart, 1989; Kalpers et al., 1989; Baras & 
Cherry, 1990; Lucas & Batley 1996; Lucas & Frear, 1997; Baras, 1997) and dace (Clough & 
Ladle, 1997; Clough & Beaumont, 1998) in relatively small heterogeneous riverine 
environments. Interestingly some of the very first telemetry studies did look at limnophillic 
species in large environments, such as carp in Lake Mendota, USA (Johnson & Hasler, 1977), 
common bream in the rivers Witham and Thames (Langford, 1974, 1979, 1981) and common 
bream in lake Constance (Schulz & Berg, 1987), but recently research on limnophiles has been 
limited.  
The timing of studies is crucial if seasonal differences (e.g. in habitat use) are to be detected, 
ideally studies should be carried out over more than one 12 month cycle so that seasonal 
patterns can be confirmed by repeated observations. Sample size is also paramount, with partial 
migrations (Chapman et al, 2012a; Chapman et al, 2012b) being observed in many fish species. 
Sample sizes should be sufficient enough to demonstrate behaviours at the population level 
rather than just the individual. However, most cyprinid telemetry studies have been confined to 
just a few individuals during a relatively short period of a few months (e.g. Winter & Fredrich, 
2003) or a single 12 month cycle (e.g. Fredrich et al., 2003). Studies covering more than a 
single annual cycle include; Winter & Fredrich (2003) where forty-nine ide were radio-tracked 
on a weekly basis over four years in two large lowland rivers in Germany & The Netherlands 
and De Leeuw & Winter (2008) who tracked 245 barbel, chub, ide and nase over three years in 
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rivers Meuse and lower Rhine in the Netherlands with transponders and fixed receivers. Studies 
investigating seasonal changes in behaviour have used tags that operate throughout the year (e.g. 
Lucas & Batley, 1996) while others have tracked fish in batches throughout the course of a year 
(e.g. Baade & Fredrich, 1998). 
If a long-term telemetry study were undertaken in the lower River Witham, the ideal target 
species would be common bream. Common bream are prevalent in the lower river and would 
therefore be relatively easy to capture. Common bream are also large enough to accommodate a 
tag of sufficient battery life to gather data through different seasons allowing study of 
behaviours for different ecological functions like spawning and over-wintering. Studying roach 
would make an interesting comparison, but the capture of fish large enough to carry transmitters 
would be erratic. Common bream have also been shown to be affected by river modification 
(see Pinder et al., 1997) because they use lateral habitats for spawning. 
 
1.8  Proposed study 
It is proposed that a long-term passive telemetry study on the lower River Witham could yield 
valuable data on seasonal habitat use of fish within a heavily modified lowland river. Common 
bream would be the ideal study species as they are large enough to carry tags with suitable 
battery life, they are a typical species of lowland fish communities including the lower River 
Witham and their life-cycle within lowland rivers relies on habitat features that are impacted by 
river modification.  
Large, lowland rivers often incorporate important recreational fisheries (Lyons et al., 2002) 
and are often heavily influenced by human activity, resulting in uniform systems with regard to 
both physical form and water flow (Brookes, 1988) that present many challenges to fish 
populations (Linfield, 1985). As described above, direct interventions on lowland river systems 
for the purposes of navigation, power generation, flood control, land drainage and flow 
regulation are prevalent, with changes in river morphology generally shifting systems from 
lentic towards lotic environments (Welcomme, 1994) through reduced longitudinal and lateral 
connectivity. The impacts of these interventions on fish communities centre on the reduced 
ability of fishes to exploit specialised habitats required for the completion of their life-cycles 
(Pinder, 1997). Thus, understanding lateral habitat function is crucial to the implementation of 
effective management actions and targeted rehabilitation projects. In Europe, lowland systems 
are dominated by cyprinid fishes but studies of the seasonal movements and habitat use in such 
environments are relatively rare. 
The lower river Witham, in eastern England, is a uniform man-made channel that has been 
re-engineered many times since its inception during Roman occupation. Over the last two 
thousand years the lower river Witham has been managed for the purposes of navigation and 
land drainage, and has been straightened, widened and deepened to its current course (Wheeler, 
1990). This environment presents fish populations with pressures such as the absence of a 
functional floodplain, large floodwater discharge and high velocity flows in the lower reaches 
(Environment Agency, 2008) leading to flush out (Linfield, 1985) and poor in-river and 
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marginal habitat. Intensive use of adjacent agricultural land results in high nutrient and silt 
levels from run-off leading to eutrophication and the potential to reduce water quality. River 
levels are artificially manipulated for drainage purposes resulting in fluctuating water levels that 
inhibit the establishment of permanent marginal habitat. In addition, two side-channels 
(Metheringham delph and Branston delph) have been made inaccessible to fishes and there is 
pressure to disconnect other side-channels as they are deemed unnecessary for land drainage yet 
require regular investment in order to maintain them. However, very little is known about the 
value of the side-channels to fish species, but anecdotal evidence would indicate that common 
bream use the side-channels for spawning, and common bream have been shown to utilise 
lateral habitats in European rivers (Molls, 1999). 
Tracking is an established technique for monitoring and understanding fish behaviour (Lucas 
& Baras, 2001; Jellyman, 2009). Tracking studies have revealed homing behaviour by common 
bream (Langford et al., 1979; Lyons & Lucas, 2002) and barbel (Lucas et al., 1998a), as well as 
diurnal patterns of behaviour (Baade & Fredrich, 1998; Lyons & Lucas, 2002), annual spawning 
migrations (Fredrich et al., 2003; Lucas & Batley, 1996), patterns of fish activity (Baade & 
Fredrich, 1998; Baras & Cherry, 1990) and the quantification of home range occupancy and site 
fidelity (Baras & Cherry, 1990; Winter & Fredrich, 2003).  
Here the proposed study would determine the extent of seasonal activity patterns of common 
bream within the lower river Witham over an extended period, so repeated seasonal patterns of 
behaviour can be observed. In particular, the use of side channel habitat in relation to the time of 
year and the environmental variables of temperature and flow rate will be examined, in order to 
inform effective management of this lowland river system. It is hypothesised that the main river 
channel and the different tributary habitats would be used at different times of the year and in 
relation to changing environmental conditions. 
Recently recreational fishery performance has deteriorated, indicated by match catch data 
(Environment Agency, unpublished data), and fishery survey results have been inconsistent, 
indicating reduced fish stocks. Water Framework Directive fishery classifications have indicated 
the lower river is not in favourable status, highlighting the need for rehabilitation. River 
rehabilitation schemes require data to target improvements; this study of common bream habitat 
use will provide such data. Also, the lower river Witham is subject to some of the most intensive 
river management practices employed in Europe, this study will present the opportunity to  
study how these practices affect fish behaviour and habitat use. 
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Chapter 2 The ecology of the lower River Witham 
 
2.1  Objectives 
The overall objective of this chapter is to summarise the ecological status of the lower River 
Witham as a case study for heavily modified lowland rivers and to provide context for chapters 
3-7. The specific objectives are to: 
1. Provide an overview of the lower River Witham and its catchment area with regard to 
ecological and morphological status, human activities and influences, water quality and 
flow. 
2. Assess the current status of the fish populations in the river in relation to human pressures 
and how these have changed over time. 
 
2.2  The lower River Witham 
2.2.1  Background  
The River Witham’s source is located near South Witham (52°45'44"N; 0°37'38"W), 
Lincolnshire UK, approximately 15 km south of Grantham. From here the river flows north 
towards Lincoln where it turns eastwards through the Lincoln Gap, an area between two raised 
pieces of land. The river then flows in a south-easterly direction across the lowland valley floor 
to the tidal outfall at Grand Sluice Boston (52°58'53"N; 0°1'46"W), where it discharges into The 
Wash (Figure 2.1). In total the main river length is approximately 106 km. The total catchment 
area is 2010 km² and contains numerous watercourses. 
 
 
Figure 2.1 Map of the East Midlands and Lincolnshire. The lower River Witham flows from 
Lincoln to Boston and discharges into The Wash (source; Environment Agency). 
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The River Till is a major tributary joining the river at Lincoln, other major tributaries joining 
the river downstream of Lincoln include the Barlings Eau, Sincil Dyke, Duckpool Drain, 
Billinghay Skirth, River Bain and River Slea. The lower river is classed as the reach between 
Lincoln and the tidal limit at Boston. This case study will focus on the lower river from Bardney 
lock to the tidal limit at Boston approximately 40 km of open continuous reach. The principal 
towns in the area are; Lincoln, Boston, Grantham, Sleaford, and Horncastle. 
 
2.2.2  History 
The city of Lincoln derives its name from Brayford Mere, the ancient British word for a deep 
pool being Lynn, hence Lincoln being the settlement by the deep pool (Wheeler, 1990). Other 
possible origins of the name Lincoln are similar, Lindu being ‘dark pool’ or Lindun being ‘fort 
on a hill by a pool’ both in the Brythonic language of the Celtic people. Lincoln became an 
important site during Roman times, it being at the junction between the Roman roads Ermine 
Street, between London and York, and Fosse Way, which led to Leicester and Bath. A Roman 
city, Lindum Colonia, and fort were built at Lincoln, one of only four in Britain, denoting its 
importance at that time.  
Before Roman occupation the geography of the area was very different to what exists now. 
Traces of an Iron Age settlement, discovered in 1972, on the site of Lincoln by Brayford Pool, 
show that the site predates Roman involvement. The Romans conquered this part of Britain in 
AD 48 and set about changing the nature of the whole region with a series of massive 
engineering projects that would transform the area from swamp to fertile agricultural land and 
incorporating modern transport networks of roads and river navigations. William Henry 
Wheeler’s account from 1868, republished in 1990, gives the following description of the lie of 
the land and the extent of the Roman drainage works; 
“The  Witham and Til discharged their water into the Lynn (Brayford Mere), and the 
swampy and low ground was frequently flooded by the overflowing of the Trent… The overflow 
from Brayford Mere would be either by a natural water course along the line of the Fosdyke, or 
through the gap in the high land below the high part of the city, into the meres on the south, 
where another great mere, extending from Washingborough to Chapel Hill, into which the 
Langworthy [Barlings Eau], the Bane [River Bain] and the Slea [River Slea] discharged their 
waters. The outlet for this mere was a winding tidal creek, extending through the marshes below 
Chapel Hill to the Scalp at Fishtoft, which has since become the channel of the Witham. In 
order to drain these meres and swampy grounds, the Romans either enlarged an old waterway, 
or cut the channel to the Trent, now known as the Fosdyke, the prefix of this name being the 
Roman word for an embanked cutting or ditch… For the drainage of the mere below Lincoln, 
the Cardyke… was cut, skirting the higher ground on the west side of the Black Sluice level, 
which was a continuation of the same mere and ran southwards to Thurlby and thence to the 
Welland and Nene… For drainage of Brayford Mere and of the swampy ground round Lincoln 
and to afford a better outlet for the Witham water, a straight cut was made by the Romans 
through the gap in the cliff below the city to Shortferry and thence, skirting the high land, to the 
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tidal creek at Chapel Hill. This cut now constitutes the channel of the river Witham. This 
catchwater drain intercepted the water of Langworthy and all the other brooks and water 
courses which formerly passed their water into the mere. The absence of all winding in the 
course of the channel between Lincoln and Chapel Hill, and the fact that portions of the fen lie 
on the east side, between it and the high land, indicate that this river was never a natural 
stream… There is no record of the name by which it was known during the Roman period. Since 
the Saxon times it has been known as the Witham. The word Witham is probably derived from 
Wye-om, or river plain”.  
Recent genetic analysis of roach has suggested that the Witham was once a tributary of the 
Trent (Environment Agency, unpublished data). These waterways are now linked by the 
Fossdyke canal, but data from the genetic study suggests that the Witham and Trent were linked 
prior to the construction of the Fossdyke. Wheeler (1990) suggests that perhaps the fossdyke 
was built along the course of a former watercourse that would have drained the upper Witham. 
Hence, it is likely the River Witham now flows to the east, whereas it used to flow to the west 
with the watershed to the east of Lincoln being separate. 
Water drained from the upper river need not to pass through the river channel in the centre 
of Lincoln. Water can be diverted down the Sincil Dyke, which leaves the river about a mile 
upstream of the city centre before rejoining the main channel just below Bardney Lock. There is 
no record of when this drain was built, but it can only have been built for the purposes of 
diverting floodwater away from the city, and appears to be of either Roman or Norman origin 
(Wheeler, 1990). 
The course of the lower River Witham has changed and been re-engineered many times over 
the preceding two thousand years, often as a result of Acts of Parliament with the objective of 
improving the navigation of the river or limiting flooding (Wheeler, 1990). Soon after the 
Roman works connecting Lincoln and the Wash, the Witham became one of the chief transport 
links with the continent, exporting corn and importing wine. During the reign of William the 
Conqueror, Lincoln was one of the most important cities in England, especially for the wool 
trade, with commerce on a parallel with that of London. Flooding events in 1014 led to 
alterations to the river, the terminal course was diverted from Bicker Haven in the Welland 
estuary to discharge into The Haven at Boston, giving rise to the growth of this port through the 
12th and 13th centuries. However, with no maintaining authority the channel deteriorated due to 
siltation, so much so that navigation became difficult and a petition was sent to the King in 
1342. In 1369 the centre for the wool trade was transferred to Boston due to the poor state of the 
river. Petitions of both the King(s) and Courts continued for many years until during the reign of 
Henry VII, approximately 1500, a commission decided that a sluice was needed to prevent sea 
water carrying sediment up the channel on the flooding tide and work began. This project was 
the first of a series of improvements and developments that allowed the continued draining of 
the fenland in the area and maintaining the navigation on the Witham (Wheeler, 1990). 
The Act for the Improvement of the Navigation 1671 states that at this time the navigation 
was still in a state of decay, and a report by James Scribo in 1733 states that winter flooding 
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below Chapel Hill was commonplace and that without improvements it would not be long 
before the navigation would be entirely lost and draining of agricultural land also rendered 
impractical (Wheeler, 1990). To remedy the situation he proposed an improvement scheme that 
included a straightening in the channel from Tattershall through to Boston. In 1744 Mr John 
Grundy of Spalding prepared a scheme for restoring the navigation of the river between Boston 
and Lincoln, and for draining the lowlands. A year later a Mr Daniel Coppin proposed a similar 
scheme. But it was not until 1752 that meetings between landowners were held and a course of 
action decided on. The Witham Act 1762 created the Witham Drainage General Commissioners, 
who exercised jurisdiction over the drainage by the River Witham, its tributaries and main 
drains within the six districts of the Witham. The banks were embanked and the water drained 
off the lands by mechanical means so that they became suitable for cultivation. 1764 saw the 
start of the construction of the Grand Sluice at Boston, replacing the previous structure that had 
long since proved inadequate (Wheeler, 1990). This maintained the height of water above 
Boston to near high tide level; prior to this the tidal influence would have reached as far 
upstream as Chapel Hill. At this time the river had a far more natural appearance than the 
present. A plan made in 1762 by John Grundy shows the section between Boston and Tattershall 
(Figure 2.2) containing numerous meanders.  
These bends were lost in accordance with John Grundy’s proposals; the river was 
straightened, widened and deepened to its approximate current course. By 1830 the lower River 
Witham, as it is today, had taken shape. Further cycles of floods, reports and works occurred 
throughout the 1800s (Wheeler, 1990) and continue to the present day (Environment Agency, 
 
 
Figure 2.2 Plan of the lower River Witham in 1762 from Wheeler (1990). 
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2008). Evidence of the old river’s course can still be seen today as anomalies visible on aerial 
photographs, especially around the Langrick Bridge area.  
 
2.2.3  Catchment & land use 
Lincolnshire is one of Britain's prime agricultural counties (Figure 2.3), with a long tradition of 
agriculture and horticulture, which remains strong today (Environment Agency, 2008). The 
draining of the fens has left rich fertile peat soils allowing the county to have up to six times 
more agricultural development than any other county in the UK with food production valued in 
the region of £300 million (NFU, 2008). Arable farming requires well drained soils. The peat 
soils, where the best agricultural land is located, retain water. To support agriculture on the peat 
a network of drainage ditches, pumping stations and raised watercourses have been constructed. 
This network maintains dry conditions in an area that would otherwise be very wet, thus 
facilitating farming (Environment Agency, 2008). 
The Agricultural Land Classification (ALC) provides a measure for assessing the quality of 
farmland, grades are related to climate, topography, drainage, soil characteristics and other site 
factors, and the interactions between them. Grades 1 and 2 are the most versatile and productive 
land for agriculture, Grade 3 is considered moderate for agricultural production and Grades 4 
and 5 are poor. Almost half (46%) of the agricultural land in the catchment can be classed as 
Grade 1 or 2 (this tends to be found in the south east of the catchment on the peat soils) and 
most of the remaining land (53%) classed as Grade 3. Therefore, the majority of the River 
Witham catchment area is used to produce arable crops, although historically only the free 
draining soils would have been suitable (Environment Agency, 2008). 
 
2.2.4  Water Quality 
Water quality samples have been taken by the Environment Agency and its predecessors on an 
approximately monthly basis at two sampling points, Tattershall bridge and Langrick bridge 
since 1980. To assess how water quality has changed in the lower river since 1990, data for 
dissolved oxygen, suspended solids, biological oxygen demand, total organic nitrogen and total 
phosphorus were analysed against date with linear regression. Results are presented in Table 
2.1. 
 
Table 2.1 Results from linear regression analysis of Environment Agency water quality data. 
Determinant Sampling site Period Slope F (df) P R2 
Dissolved oxygen Tattershall Bridge 1981-09   1.37   1.87 (1,329) 0.173 0.01 
Suspended solids Langrick Bridge 1989-09 -2.96   8.75 (1,357) 0.003* 0.02 
Biological oxygen demand Langrick Bridge 1990-09 -6.31 39.82 (1,345) <0.0001* 0.10 
Total organic nitrogen Langrick Bridge 1990-09 -1.80   3.25 (1,351) 0.072 0.01 
Total phosphorus Langrick Bridge 1990-09 -5.89 34.64 (1,132) <0.0001* 0.21 
* Significant at < 0.01 following Bonferroni correction. 
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Figure 2.3 Map of land use within the River Witham Catchment Flood Management Plan 
(CFMP) area (Environment Agency, 2008). 
 
Thus over the sampling periods there has been a significant reduction in suspended solids, 
biological oxygen demand and total phosphorus, while dissolved oxygen has increased but non-
significantly, suggesting that water quality has improved. 
 
2.2.5  Biological Quality 
Four sampling points, three on the main river at Bardney, Tattershall and Langrick and one on 
the tributary Sincil Dyke have been sampled by kick sampling (Chadd, 2010) approximately 
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twice yearly (Spring and Autumn) by the Environment Agency and its predecessors since 1986-
87. 
Indices have been developed to summarise the taxa present in a macroinvertebrate sample. 
The use of freshwater macroinvertebrates as biological indicators is well established and a range 
of indices have been developed based on invertebrate community response to specific 
environmental pressures (Extence et al., 2011). Average score per taxon (ASPT), number of 
taxa (NTAXA) and British monitoring working party (BMWP) scores were used to assess 
sensitivity to organic pollution in the river macroinvertebrate samples. Higher scores indicate a 
relatively higher proportion of the more pollution sensitive taxa present, usually indicating 
higher ecological status. This is due to taxa sensitive to organic enrichment being progressively 
lost resulting in lower overall diversity, but a higher abundance of tolerant animals, such as 
worms (Oligochaeta) and non-biting midges (Chironomidae). Temporal trends were analysed 
with linear regression and spatial differences with ANCOVA. Results from the linear regression 
analysis are presented in Table 2.2. 
 
Table 2.2 Results from linear regression analysis of macroinvertebrate indices (Environment 
Agency data) against date.  
Sampling site Index Mean Score 
(±SE) 
Period Slope F(df) P R2 
Sincil Dyke ASPT   4.1 (0.04) 1987-10 2.32 5.4 (1,45) 0.025 0.11 
 NTAXA 18.6 (0.62) 1987-10 3.35 11.24 (1,45) 0.002* 0.20 
 BMWP 76.8 (3.23) 1987-10 3.16 9.97 (1,45) 0.003* 0.18 
Bardney ASPT   4.1 (0.04) 1987-10 2.46 6.07 (1,49) 0.017 0.11 
 NTAXA 20.6 (0.50) 1987-10 3.13 9.77 (1,49) 0.003* 0.17 
 BMWP 86.88 (2.78) 1987-10 3.13 9.79 (1,49) 0.003* 0.17 
Tattershall Bridge ASPT   4.2 (0.04) 1986-10 1.75 3.07 (1,47) 0.086 0.06 
 NTAXA 20.8 (0.51) 1986-10 0.16 0.03 (1,47) 0.873 0.00 
 BMWP 89.6 (2.76) 1986-10 0.72 0.52 (1,47) 0.476 0.01 
Langrick Bridge ASPT   4.1 (0.04) 1987-10 1.98 3.91 (1,49) 0.054 0.08 
 NTAXA 20.0 (0.44) 1987-10 1.50 2.26 (1,49) 0.139 0.05 
 BMWP 83.8 (2.44) 1987-10 1.77 3.12 (1,49) 0.084 0.06 
* Significant at < 0.004 following Bonferroni correction. 
 
Spatially the scores for all the indices were lower (i.e. poorer water quality) in Sincil Dyke 
than the other three main river sites. ANCOVA with site as a fixed factor and year as a covariate 
revealed: ASPT (site F3,192 = 3.96, P = 0.009, year F1,192 = 20.26, P < 0.0001), NTAXA (site 
F3,192 = 3.75, P = 0.012, year F1,192 = 16.01, P < 0.0001) and BMWP (site F3,192 = 4.02, P = 
0.008, year F1,192 = 19.50, P < 0.0001). At both Bardney and Sincil Dyke there has been a 
significant improvement in the NTAXA and BMWP indices during the period 1987-2010 
(Table 2.2).  
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2.2.6  Flow regime and flood events 
The River Witham has a largely stable low flow regime interspersed by spate conditions (Figure 
2.4), but is impacted by flow regulation and inter-catchment transfer. The naturalised flow  
 
Figure 2.4 Mean daily flow (m3 s-1) of the Barlings Eau at Langworth bridge, this tributary 
generates the largest flow input into the lower river (Environment Agency data). 
 
regime is typical of calcareous landscapes with spates, usually during the winter time, of short 
duration and linked to very heavy rainfall in the catchment.  
Significant flooding problems are associated with the River Witham, its tributaries and the 
sea. The River Witham poses a direct flood risk to the three main urban areas within the 
catchment area; Grantham, Lincoln and Boston (Environment Agency, 2008). Comparing the 
major tributaries of the River Witham, the Barlings Eau generates the largest flow input into the 
lower river, followed by the River Bain and upper Witham. The Barlings Eau contribution 
reflects its relative large overall catchment area (Figure 2.5)  
Peak flows from the Barlings Eau are managed through the use of the Branston Island flood 
storage basin, which is flooded during high flow events, reducing the peak flow entering the 
River Witham (Environment Agency, 2008) and thus reducing flood risk in the catchment 
below. Peak flows of the River Brant, River Till, and Upper Witham are also managed in a 
similar fashion, through the Lincoln Washlands (Environment Agency, 2008). 
The tidal cycle influences flow conditions on the lower river. Grand Sluice closes every high 
tide to prevent sea water passing further upstream. This stops river flow from escaping into The 
Wash. The influence of the tidal cycle affects the shape of the hydrograph at Woodall Spa on the 
River Witham during high flow events. Tidal impacts on flows are routinely seen as far 
upstream as Bardney Lock, and have occasionally been observed in Lincoln. Because of the 
relatively flat nature of the area and the effect of tide-locking, significant flooding generally 
occurs from prolonged storms that last several days (Environment Agency, 2008). 
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Figure 2.5 Langworth bridge gauging station on the Barlings Eau, a tributary of the lower river, 
during normal conditions (left) and the summer flooding (right) in June 2007 (authors own 
photos). 
 
2.2.7  Water level management 
The river level below Bardney lock is artificially manipulated on a seasonal basis to increase 
winter flood storage. During the summer months the river level is maintained at approximately 
1.5 m Ordinance Datum Newlyn (ODN), and from 1 November – 1 April the level is reduced to 
and maintained at 1 m ODN, during dry conditions (Figure 2.6). Similar water level 
manipulation also occurs on other rivers in the area including the lower River Welland, South 
Forty Foot Drain, lower Hobhole Drain, Stonebridge Drain, River Ancholme and rivers in South 
West England. This lowering of the water level exposes the marginal areas, and particularly the 
vegetation that could act as refuge for fish during periods of high flows. 
 
2.2.8  Trent-Witham-Ancholme water transfer scheme 
Water is abstracted from the bottom of the Barlings Eau at Short Ferry for the Trent-Witham-
Ancholme water transfer scheme. Water intakes have the potential to cause huge impacts on fish 
populations through entrainment of adults and fry (May & Van Rossum, 1995). The intake at 
short ferry is fitted with rotary 10 mm screens to prevent entrainment and impingement of adult 
fish. However this transfer is operated during the late spring and summer to augment flows in 
the heavily abstracted River Ancholme to the north and therefore has the potential to entrain free 
drifting larvae and fry.  
 
2.2.9  Morphology 
Upstream of Grantham the River Witham has a relatively narrow, steep floodplain. Downstream 
of Grantham the floodplain of the River Witham continues to widen. There has been extensive 
widening, straightening and embanking of the River Witham, especially downstream of Lincoln. 
This has removed many of the natural geomorphological features, and has disconnected the river 
from its natural floodplain. The main channel is heavily modified (Figure 2.7 & 2.8) being 
trapezoidal and canalised with a width of 30-40 m. The riverbanks are embanked and reinforced 
with rock, as a result the river has no functional floodplain and the entire flow is restrained 
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Figure 2.6 Mean daily river level of the lower River Witham at Kirkstead Bridge from 1999-
2010 (Environment Agency data). 
 
 
 
Figure 2.7 The heavily modified lower River Witham looking downstream from Dogdyke 
(below the confluence with the River Slea), canalised and straightened with high floodbanks 
preventing connection with the floodplain (authors own photo taken at winter retention level). 
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Figure 2.8 The heavily modified lower River Witham looking downstream from Tattershall 
Bridge, canalised and straightened with high floodbanks preventing connection with the 
floodplain (authors own photo taken at winter retention level). 
 
within high flood banks (Environment Agency 2008) set back 3-4 metres from the water’s edge 
on both sides (Forbes & Wheeler 1997).  
The widening of the river channels has also caused sediment to be deposited within the 
channel. Widening the channel can reduce river flow velocities under normal flow conditions, 
which reduces the ability of the river to transport sediment. The deposition of sediment reduces 
the channel capacity, and leads to increased maintenance, such as dredging (Environment 
Agency, 2008).  
 
2.2.10  Habitat Assessments. 
River Habitat Survey  
River Habitat Survey (RHS) is a method for assessing the physical character and quality of river 
habitats. It has been developed to help the conservation and restoration of wildlife habitats along 
rivers and their floodplains. Its main purpose is to provide river managers with information 
needed to sustain and enhance biodiversity, using catchment management plans and 
environmental impact assessment as two mechanisms for realising this objective (Raven et al., 
1998).  
RHS is carried out along a standard 500m length of river channel. Observations are made 
every 50m at ten equally spaced spot-checks along the channel, whilst information on valley 
form and land-use in the river corridor provides additional context (Environment Agency, 
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2003). These data can be used to derive two indices of river corridor status. These are the 
Habitat Quality Assessment (HQA) and the Habitat Modification (HM) score. The HQA is a 
measure of the structural diversity of the river corridor and the score increases with improved 
habitat quality. By contrast, the modification score is a measure of the extent to which the 
natural character of the river has been modified; a score of zero indicates no significant 
modification and represents natural (good) conditions. HM scores are used to assign a Habitat 
Modification Class; 1 (Pristine/semi-natural) - 5 (Severely modified). Results of the RHS on the 
lower Witham are presented in Table 2.3. All suggest the lower River Witham is highly / 
severely modified. 
 
Table 2.3 Results from River Habitat Surveys (Environment Agency data). 
Upstream – 
downstream 
order 
Year Surveyed Site Name HM 
(Survey 
Scores) 
HM 
Class 
(Survey 
Scores) 
HQA 
(Survey 
Scores) 
HQA 
Adjusted 
(Survey 
Scores) 
1 1994 Stixwold 960 4 17 10 
2 2005 Tattershall Br 4254 5 24 22 
3 2007 Thorpe Tilney Road End 1416 5 14 14 
4 1995 Kirkstead Bridge 3217 5 14 13 
5 1994 Upstream Pelhams Land 2730 5 17 11 
6 1996 Pelhams Land 1426 5 20 19 
7 1996 Langrick Bridge 1200 4 10 10 
 
Aerial Photography 
Aerial photographs (source: maps.google.co.uk; Figure 2.9 & 2.10) were examined for the lower 
River Witham to allow a visual assessment of the nature of river habitat throughout the whole 
length of the lower river. Analysis aimed to determine the degree of river meander along the 
study reach. The total number of degrees through which the river meanders per km was 
calculated, and differences between the upstream (Bardney Lock – Tattershall Bridge; ~21km) 
and downstream (Tattershall Bridge – Boston; ~20km) halves of the study reach were analysed 
with Mann-Whitney U test. The upstream half of the study reach was significantly more 
heterogeneous (Mann Whitney U = 582.5, n1 =21, n2 = 20, P = 0.0002: mean upstream = 76.0 ± 
10.3, downstream = 26.0 ± 8.93). Thus the downstream half of the study area was significantly 
less meandering than the upper reach of the river. 
 
Depth Profile 
During April 2010 the underwater topography along the main channel of the lower river was 
investigated by boat (Figure 2.11). The survey was carried out from Boston to Bardney lock 
(~40 km), and involved a single upstream transect in the centre of the main river channel of the 
survey reach with the boat kept at a constant ground speed of ~5 km h-1 . A GPS echosounder 
(Ceeducer Pro™, CEE HydroSystems, Sydney, Australia) was used, data were interpreted and  
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Figure 2.9 Aerial photograph of the lower River Witham, upstream half of the study area 
Bardney – Tattershall Bridge (maps.google.co.uk). 
 
 
Figure 2.10 Aerial photograph of the lower River Witham, downstream half of the study area 
Tattershall Bridge – Boston (maps.google.co.uk). 
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stored on a laptop computer using Hypack Hydrographic (Hypack inc., Connecticut, USA) 
survey software package. Data were collected at a resolution of ten readings per metre, and then 
sub-sampled to resolution of one reading per 10 metres for presentation. It was hypothesised 
that the river bed would be variable due to natural riverine processes of erosion and deposition, 
creating a varied underwater environment that would influence fish distribution. 
The bed level of the lower river doesn’t appear to have been shaped by riverine processes 
and is probably much the same as when it was built in the late eighteenth century. Man-made 
channels would have been clay lined to prevent leakage and it appears that this material has 
withstood many years of weathering.  Water depth was at its greatest at the downstream end of 
the study reach at Boston being ~4 metres slowly shelving up to ~2 metres at Bardney. 
 
 
Figure 2.11 A depth profile of the lower River Witham. 
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2.2.11  Barriers to fish migration 
Due to its low lying nature, the lower River Witham has relatively few barriers to fish 
migration. The tidal limit at Grand Sluice, Boston represents a significant barrier with no 
mitigating fish passage solutions currently installed. However, from here the lower river is one 
continuous open reach for nearly 40 km until Bardney Lock / Short Ferry sluice, which is 
atypical for a navigable lowland river due to the especially low lying nature of the area which 
negates the need for navigation locks on the lower river (Environment Agency, 2008). In late 
2010, fish passage facilities were installed at the Short Ferry sluice near the confluence with the 
Barlings Eau allowing fish in the lower river between Boston and Bardney to access the 13 km 
of river upstream between Bardney and Lincoln up to Stamp End lock which again represents a 
barrier to fish passage into the middle reaches.  
 
2.2.12  River uses 
The Witham catchment area has a relatively low human population density, although there are 
some areas with a high population concentration e.g. Lincoln. The land use is predominantly 
agricultural, mainly producing arable crops, which has potential impacts on the water course 
through nutrient and pesticide run-off and silt loadings. The principle recreational uses of the 
river are navigation, angling and local amenity.  
 
2.2.13  Conservation 
The Witham drains into ‘The Wash’ which is internationally protected as a Ramsar site, Special 
Protection Area (SPA) and Special Area of Conservation (SAC). Therefore, the river could 
potentially impact upon the habitats and communities associated with this site. There are 
currently twenty two Species Action Plans within the Lincolnshire Biodiversity Action Plan 
(BAP), eighteen of which are considered to be of National Priority and are included on the 
UKBAP. Within the twenty-two species BAPs, are two general species BAPs covering bats and 
farmland birds in the Lincolnshire county. The following Local BAP (LBAP) species are 
directly linked to the aquatic environment. 
• White-clawed crayfish Austropotamobius pallipes (Le.) 
• Otter 
• Water vole Arvicola terrestris (L.) 
• Compressed river mussel Pseudanodonta complanata (R.) 
• Witham orb mussel Sphaerium solidum (N.) 
• Grass-wrack pondweed Potamogeton compressus (L.) 
• Greater Water parsnip Sium latifolium (L.) 
• Ribbon-leaved water plantain Alisma gramineum (Lej.) 
• Spined loach Cobitis taenia L. 
Many of the causes of degradation to LBAP habitats and the decline of these species relate to 
changes to the water environment (Environment Agency, 2008). 
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2.2.14  Fishery assessments 
Background 
Fishery surveys have been carried out by the Environment Agency and its predecessors in line 
with a statutory duty to ‘maintain, improve and develop’ freshwater fisheries under the Salmon 
and Freshwater Fisheries Act (1975). The monitoring programme for the lower river has 
undergone many changes both temporally and spatially. Survey effort has been reduced in 
recent years. Fisheries survey data were available for 271 sites serviced by the Manby office, 
Northern area, Anglian Region, Environment Agency (Penczak et al., 1991) but in 2009 this 
was reduced to just 47 quantitative sites (Environment Agency, unpublished data). Due to the 
inefficiencies of netting large lowland rivers, several sites from the lower river were dropped 
from the programme in 2007 and sampling by hydro-acoustics was increased to twice a year, 
once in the spring and repeated in the autumn. 
 
Historic data 
Forbes and Wheeler (1997) compared historic fisheries survey data from 1788-1796 with data 
gathered by the Environment Agency from 1981-1991, showing a reduction in the sizes of pike, 
perch and European eel. Three species; burbot, Atlantic salmon and barbel were recorded in the 
late-eighteenth century that had subsequently become absent from the river and there is no 
evidence of re-colonisation by these species in subsequent years.  
 
Seine netting surveys 
The lower river has been surveyed with seine netting (Hickley, 1996); stop nets were utilised at 
either end of the site to produce quantitative results. The wrap around seine netting (Coles et al., 
1985) survey technique was employed by The Environment Agency and its predecessors, two 
catches were performed at each site to give quantitative population estimates. All fish caught 
were measured and scales were removed from a representative sub-sample of roach and 
common bream for subsequent age determination (Bagenal, 1973) which was performed by the 
Environment Agency’s Fisheries Laboratory at Brampton. Eight sites (seven main river, one 
tributary) were sampled prior to 2007, in 2007 four netting sites (one main river, three tributary) 
were sampled, in 2008 three netting sites (two main river, one tributary) were sampled and 2009 
two netting sites (one main river, one tributary) were sampled. Catch depletion density and 
biomass population estimates (Carle & Strub, 1978) were produced for fish >99mm, below this 
length the results become more uncertain because of varying capture efficiency of smaller fish 
due to the net mesh size. Data are presented to illustrate the contribution made by each species 
to density (Figure 2.12) and biomass (Figure 2.13) and mean density (Figure 2.14) and biomass 
(Figure 2.15) population estimates (Carle & Strub, 1978) during the surveys 1994-2009. A Box 
plot of common bream lengths caught during each survey year is presented as Figure 2.16. No 
statistical analysis of these data was carried out due to the large errors associated with the results 
and the inconsistent spatial and temporal coverage, see discussion. 
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Figure 2.12 The contribution made by each species to density population estimates for years 
1994-2009. 
 
 
 
Figure 2.13 The contribution made by each species to biomass population estimates for years 
1994-2009. 
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Figure 2.14 A comparison of mean (± 95% confidence intervals) fish density estimates for fish 
> 99 mm recorded during the surveys 1994-2009. 
 
 
 
Figure 2.15 A comparison of mean (± 95% confidence intervals) fish biomass estimates for fish 
> 99 mm recorded during the surveys 1994-2009. 
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Figure 2.16 Common bream lengths from seine netting surveys 1994-2009. Fork length refers 
to the length from the tip of the snout to the end of the middle caudal fin rays. 
 
Hydroacoustic surveys 
Hydroacoustics offer a quantitative and cost-effective method of surveying fish populations 
within large lowland rivers (Duncan & Kubecka, 1993; Kubecka, 1996; Kubeka & Duncan, 
1998; Lucas et al., 1998a). Long lengths of river can be surveyed delivering stock assessment of 
the fish population at the community level (Lucas et al., 2002). With much greater spatial 
coverage, information about fish distribution and densities is delivered with much greater 
resolution and resilience and more cost effectively than conventional seine netting techniques. 
Surveys were conducted by the author as part of the Environment Agency national fisheries 
monitoing programme. These occurred during the night, since fish are more active and evenly 
distributed throughout the water column during the hours of darkness and are therefore more 
easily surveyed with horizontal echo-sounding when compared to the daytime (Duncan & 
Kubeka, 1993; Kubeka, 1996; Kubeka & Duncan, 1998). Biannual surveys were carried out 
(April and October) to give data on fish distribution during both the spring and autumn seasons. 
Surveys during both the summer and winter seasons were prevented by heavy macrophyte 
growth and water level manipulation, which reduces river width and therefore sampling 
volumes, respectively. During 2007 and in April 2008 surveys were carried out from Southery 
to Boston (~30 km), then the survey reach was extended and surveys were carried out from 
Bardney lock to Boston (~40 km) for the October 2008 survey and both 2009 surveys. The 
results from the spring and autumn surveys carried out in 2008 are presented in the form of fish 
density maps as Figure 2.17 and 2.18.  Each survey involved a single downstream (true right 
hand bank) and upstream (true left hand bank) transect of the survey reach with the boat kept at 
a constant ground speed of ~5 km h-1. These transects were carried out on adjacent nights and 
data averaged to a single density per 10 m section. Acoustic data were collected with a split 
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beam portable echosounder, HTI (Hydroacouctic Technology Inc., Seattle, Washington, USA) 
model 241 portable split-beam echo sounder, operating at a ping rate of 5 pings s-1, a pulse 
duration of 0.2 ms and a bandwidth of 200 kHz were used, and with a time varied gain of 40 
Log R. Minimum target strength thresholds were set at -50 dB, with single echo targets filtered 
within 0.8 and 1.2 of the echo pulse length. The split beam transducer (4.5° x 8° beam angles) 
was mounted at the front of the boat at ~80 cm depth, as described by Duncan & Kubecka 
(1993) with the sonar beam directed horizontally and perpendicular to the flow to maximise 
coverage of the water column and sample fish in their side aspect (Duncan & Kubecka, 1993).  
Acoustic data were recorded onto a laptop computer using Echoscape software (HTI, Seattle, 
Washington, USA) and geo-referenced with a handheld GPS (Garmin, Kansas, USA). It was 
hypothesised that the fish community in this homogenous riverine environment would be 
contagious, favouring certain areas and more highly contagious during the autumn surveys as 
fish aggregate for over-wintering (see Lucas et al., 1998a). 
To analyse how fish were dispersed during each survey an index of dispersion (Fowler et al., 
1998) was calculated. There are three ways in which things (in this case fish) can be dispersed: 
regularly, randomly and contagiously (meaning aggregated or clumped). The index of 
dispersion is calculated by dividing the variance by the mean. Data with small variance will 
have a low dispersion index suggesting regular distribution, intermediate variance suggests 
random dispersion and data with large variance and thus a high dispersion index is indicative of 
contagious dispersion (Fowler et al., 1998). To compare results across surveys, mean fish 
densities per km were calculated for the reach between Southery and Boston (~30 km), as this 
was sampled during all surveys. Dispersion index values for the three spring and three autumn 
surveys were analysed with Mann-Whitney U test. The effects of km downstream from 
Southery and season were analysed with two-way ANOVA. Data were also grouped into two; 
upstream and downstream of Tattershall Bridge, for the upstream and downstream halves of the 
study area and differences analysed with two-way ANOVA. Example fish density maps from 
the Autumn and Spring surveys in 2008 are presented in Figure 2.16 and 2.17. A summary of 
the results in presented in Table 2.4. 
Dispersion indices for all surveys were highly contagious (Table 2.4). Autumn surveys were 
more contagious than spring surveys but not significantly (t-test, t = -0.57, P = 0.609, df = 3). 
The effects of km and season on mean fish density per Km were tested with two-way ANOVA; 
there was a significant effect of km (F1,29 = 2.50, P < 0.0001), but not with season (F1,29 = 2.83, 
P = 0.095) or the interaction between km and season (F1,29 = 0.97, P = 0.523). The effects of  
 
Table 2.4 Summary of hydro-acoustic survey results. 
 Spring 07 Autumn 07 Spring 08 Autumn 08 Spring 09 Autumn 09 
df 310 322 328 358 362 362 
Mean density 36.87 15.96 58.23 52.06 78.58 103.73 
SD 79.52 22.43 47.90 88.82 79.89 153.36 
Dispersion Index 171.50 31.52 39.41 151.55 81.22 226.74 
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Figure 2.17 Fish densities recorded during the spring 2008 hydro-acoustic survey. 
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Figure 2.18 Fish densities recorded during the autumn 2008 hydro-acoustic survey. 
 
location (upstream or downstream river section) and season on mean fish density per km were 
tested with two-way ANOVA; there was a significant effect of location (upstream or 
downstream river section); F1,29 = 43.04, P < 0.0001), but not season (F1,29 = 2.88, P = 0.092) 
however there was a significant interaction between location and season (F1,29 = 5.26, P = 
0.023). Thus fish are not evenly distributed along the surveyed reach, but aggregated. Fish 
favoured the upstream half of the study area, especially so during the autumn survey window. 
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2.2.15  Water Framework Directive classification 
The Water Framework Directive (WFD/2000/60/EC) established a framework for the protection 
of ground and surface waters to prevent deterioration, protect and enhance aquatic ecosystems, 
and to achieve ‘good ecological status’ for all waters by 2027. Water bodies are classified under 
various parameters, including fish, using monitoring data. Fish Classification Scheme 2 (FCS2) 
is used to calculate the fishery classification, the scheme uses a combination of species diversity 
and biomass of observed compared with expected values (Environment Agency, unpublished 
data). The current (2011 & 2012) classifications for the lower River Witham (Environment 
Agency, unpublished data) are presented in Table 2.5. 
 
Table 2.5 Water Framework Directive classifications for the lower River Witham  
(Environment Agency, unpublished data). 
Element 2011 Classification  2012 Classification 
Fish Moderate Moderate 
Macroinvertebrate Good Good 
Diatoms Moderate Moderate 
Macrophytes Moderate Moderate 
Phosphate Moderate Moderate 
Dissolved Oxygen Good Good 
Ammonia High High 
pH High High 
Hydrology Good Good 
Overall status Moderate Moderate 
 
2.3  Discussion 
2.3.1  Water Quality 
Oxygen levels appear to have increased slightly over the last 30 years this may be a result of 
wastewater treatment investment or increased macrophyte growth and associated increase in 
photosynthesis. All these samples would have been taken during the day therefore night-time 
oxygen sags would not have been detected. Suspended solids have reduced in recent years 
which will promote macrophyte growth. Biological Oxygen Demand has reduced, illustrating 
the improvement in water quality since investment to upgrade sewage treatment works (STW) 
in the late 1980s. Peak Total Organic Nitrogen has also reduced in the lower river showing how 
recent agricultural good practice measures have reduced levels of nitrate and nitrite in run-off. 
However, the baseline minimum levels in this surface water have increased, possibly due to 
elevated levels in groundwater. Total phosphorus has also reduced, possibly as a consequence of 
phosphate stripping at large sewage treatment works (over 10,000 population equivalents) 
around 2004/5 (DEFRA, 2012). However, targets as low as 0.025 mg/L total phosphorus have 
been recommended by the United States Environmental Protection Agency (1986). In general 
these results show that organic pollution of the lower river has reduced and water clarity has 
increased. However the river is highly eutrophic due to nutrients from agricultural run-off from 
surrounding land which is dominated by large-scale arable agriculture. 
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2.3.2  Biological quality 
Temporally there is a general trend towards improvement on all indices, reflecting investment in 
wastewater treatment and the national trend for improved water quality brought about as a 
result. The Sincil Dyke scores were slightly lower than the main river; this may be due to 
wastewater discharges impacting on this low flowing tributary which lacks the dilution offered 
by the main channel. Also being low flowing the Sincil Dyke tends to have a more silt-based 
substrate which may favour macroinvertebrates that are associated with low water quality, such 
as worm (Oligochaeta) and non-biting midges (Chironomidae) (Chesters, 1980). 
 
2.3.3  Habitat 
Historical accounts of how the lower Witham has been modified reveal that the lower river has 
been totally reshaped and transformed from a once tidal creek surrounded by transitional 
ecotones to a heavily managed, impounded, linear channel totally disconnected from its 
floodplain. The floodplain is an essential habitat component in lowland rivers (Aarts et al., 
2004) and the diminished hydrological connectivity between the river and its floodplain reduces 
the opportunity for fish, especially juveniles, to escape the force of elevated flows (Copp, 1997; 
Nunn et al., 2007). 
The Habitat Modification (HM) scores for the surveys carried out between 1994-2007 on the 
lower River Witham range from 960-4254, two surveys were HM class 4 (significantly 
modified) and the remaining five surveys were all in the highest class 5 (severely modified), 
illustrating the level of human intervention that has taken place on the lower river. The Habitat 
Quality Assessment (HQA) scores are relatively low illustrating the low diversity of natural 
river bank and in-channel features in the survey reach. Tributaries add some habitat diversity to 
this homogenous riverine environment, two side-channels were made inaccessible to fishes, 
Metheringham Delph in the 1990s and Branston Delph in the 1960s (Dave Fisher, Environment 
Agency, pers. comm.) and there is pressure to remove further tributaries (Nocton and 
Timberland Delphs) as they are deemed unnecessary for land drainage yet require regular 
investment in order to maintain them. 
The depth profile results indicate that the river bed is also homogeneous with little variation. 
Aerial photograph analysis show how the river below Tattershall bridge is particularly 
homogeneous being highly straightened and lacking tributaries below the River Slea confluence, 
offering fish no refuge during high flows.  
 
2.4.4  Fishery assessments 
The historical data examined by Forbes and Wheeler (1997) contains reference to three species 
recorded in the lower Witham in the late-eighteenth century (1788-1796; prior to the river being 
straightened to its current course) that have subsequently become extinct from the river. All 
three of these species (barbel, salmon and burbot) have specialist habitat and migratory 
requirements (Wheeler, 1978). During the eighteenth and nineteenth centuries burbot were 
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described as being ‘very abundant’ in the Witham and other fenland rivers but numbers reduced 
following channelization and the species has not been reliably recorded in the UK since 1969 
(Worthington et al., 2011). Both salmon and barbel rely on high water quality, lotic conditions, 
upstream spawning migratory pathways and gravel spawning substrate. All of these 
requirements would have been seriously compromised by the level of river modification that has 
taken place since. 
The lower river currently contains a typical lowland fish community, being dominated by 
roach and common bream but also populated by pike, perch, tench, silver bream and the 
European eel. Catch efficiency varied between seine netting sites and between years, with heavy 
weed growth producing population estimates (Carle & Strub, 1978) with large sampling errors 
and results with large variances. Catches of common bream in different years often varied in 
size and age composition as surveys captured different year classes. In some years when large 
numbers of juveniles were caught this could be interpreted as successful recruitment (e.g. 2006). 
However large catches of adults (e.g. 2002 and 2008) are likely to be an artefact of the relatively 
low sampling effort, as these fish were present in the river in previous years, given that adult 
common bream were aged between 10-15 years. A very large catch of juveniles occurred in 
2007 from the entrance to the Sincil Dyke at Bardney; river flows had been very high in the 
main river over the summer and immediately before the survey was carried out and it appeared 
that very large numbers of fish were taking refuge in this slower flowing tributary. Roach x 
common bream hybrids were common in all survey years. Hybridisation can be a symptom of 
reduced lateral and longitudinal connectivity which leads to an overlap of spawning habitat 
(Cowx, 1983). 
The hydroacoustics data shows that the fish community is highly aggregated and varies 
along the studied reach. Fish favour the upstream half of the study area during the cooler 
autumn surveys. Fish form large groups as a method of protection in clear water conditions 
(Jacobson et al., 2004) leaving large areas periodically devoid of fish. There are consistent low 
densities of fish in the lower half of the study reach; this section consists of more homogenous 
habitat as shown by the analysis of aerial photographs. High flow rates in the lower reaches and 
a distinct lack of shelter habitat can cause a net annual loss through flush out (Linfield, 1985; 
Copp, 1997).  Hydroacoustic techniques are effective at monitoring fish populations in 
homogenous riverine environments (Duncan & Kubecka, 1993; Kubecka, 1996; Lucas et al., 
1998a). However, this technique fails to differentiate to the species level and at present there is 
no Water Framework Directive classification scheme for data derived from this technique. 
Currently the lower river is dominated by roach. Eurytopic species, like roach and perch, 
have less strict requirements for spawning habitats and are thus able to establish populations in a 
wide range of waterbodies (Schiemer & Waidbacher, 1992; Nunn et al., 2007) leading to their 
dominance in modified habitats (Wolter, 2001a). The dominance of roach and perch is common 
in modified lowland rivers in Europe (Wolter & Vilcinskas, 1997; Wolter, 2001a; Wolter 
2001b). The structure of the fish population reflects the overall quality of their environment, in 
particular the relative abundances of specifically adapted floodplain species (e.g. common 
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bream) can indicate the quality and extent of lateral connectivity (Schiemer, 2000). In the lower 
River Witham, common bream are present and when captured during surveys dominate the 
rivers biomass. Their existence may be due to available lateral spawning habitats that provide 
surrogates for and are functionally similar to lentic floodplain waterbodies of natural riverine 
ecosystems. 
Recent changes in river character following water quality improvements, gained by 
investment in wastewater treatment, include increased water clarity and consequent heavy 
macrophyte growth fuelled by eutrophication. These conditions have made traditional seine 
netting survey techniques (Coles et al., 1985) less effective as heavy weed growth upsets the 
level bed profile required for successful seine netting (Hickley, 1996) and leads to poor catch 
depletions, producing inaccurate population estimates (Carle & Strub, 1978). Increased water 
clarity has been shown to affect roach distribution through increased aggregation (Jacobsen et 
al., 2004) and aggregated fish distributions mean that the variance of the total population size 
will be so large that estimates based on small numbers of samples will be unreliable (Kell, 
1991).  These factors have made temporal and spatial monitoring of fish communities in large 
open systems, like the lower river Witham, by traditional techniques less effective.  
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Chapter 3  The effects of surgical implantation of telemetry transmitters and translocation 
on the spatio-temporal behaviour of common bream. 
 
3.1  Introduction 
The development of electronic tags has been one of the most important advances for studying 
the temporal behaviour, movement and distribution of fishes in the freshwater environment 
(Lucas & Baras, 2001). Implantation into the peritoneal cavity is recommended for long-term 
tracking studies of fishes (Lucas & Batley, 1996) and is regularly used for cyprinid species (e.g. 
Lucas & Batley, 1996; Huber & Kirchhofer, 1998; Lyons & Lucas, 2002; Winter & Fredrich, 
2003; Fredrich et al., 2003; Kuliskova et al., 2009). Telemetry studies are most often designed 
with three assumptions: (1) fish condition and mortality are not altered by transmitter presence 
or handling stress; (2) transmitters are retained for the duration of the observation period; and 
(3) tagged individuals accurately represent the population being observed (Smith et al., 1998; 
Ramstad & Woody, 2003; Neely & Steffenson, 2010). This chapter describes the protocol used 
for the surgical implantation of an acoustic transmitter into the peritoneal cavity of common 
bream in the field. Similar techniques have been used successfully in previous studies (e.g. 
Lyons & Lucas, 2002), but a detailed description of the procedure is absent from the literature. 
Eight fish were recaptured at various times post-surgery and the incision site photographed to 
determine the state of tissue regeneration. 
Meaningful data can only be collected during telemetry studies when the tagged fish are 
behaving naturally, thus the effects of tag attachment should not impact on the behaviour or 
well-being of the fish. However, the potential effects of these transmitters on fish performance is 
unknown (Jepsen et al., 2003). Assessment of the effects of surgical implantation of transmitters 
on tagged fish has been carried out previously by observation for a period of days in captivity 
(Baras, 1997; Allouche et al., 1999) and examination after recapture (Lucas & Batley, 1996) to 
determine the degree of healing, mortality and effects on fish weight and condition. Assessment 
of stress levels following implantation have also been carried out by measuring cortisol (a 
steroid hormone released in response to stress; Ellis et al., 2004) levels released into water by 
individual common carp and roach tagged with dummy transmitters and held in tanks. Cortisol 
levels were elevated during the 12 hours post-surgery, but there was no evident long-term 
cortisol stress response to the presence of a tag in the body cavity in either species (Lower et al., 
2005). However, there is a paucity of data on behavioural effects immediately after procedures 
have been carried out and unusual long-distance movement have been observed during the first 
days of release after transmitter implantation in some species e.g. largemouth bass Micropterus 
salmoides (Lac.) (Mesing & Wicker, 1986) and dace (Clough & Beaumont, 1998). In my 
studies, long-term telemetry presented the opportunity to compare the behaviour of common 
bream that had just been tagged with common bream previously tagged (between 55 days and 
378 days post surgery) and present in the same water-body, and thus subjected to the same 
environmental variables, over ten days post surgery. It was hypothesised that freshly tagged fish 
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would move more or less as far and occupy lengths of river longer or shorter than fish that had 
been tagged previously.  
Studies of non-migratory fishes have revealed homing behaviour, defined as ‘the return to a 
place formerly occupied instead of going to equally probable places’ (Gerking, 1959), 
following translocation  in common bream (Langford et al., 1979) and displacement by high 
flow events in barbel (Lucas et al., 1998a). This indicates that these fish exhibit site fidelity. Site 
fidelity has been observed in common bream; Vostradovsky (1975) marked 3460 common 
bream between 181-260 mm in Lipno reservoir (4650 hectares) Czech Republic, over a period 
of five years and these were recaptured by recreational and commercial fisherman. Eighty eight 
% of recaptures (although the total recapture rate was only 10%) were from within 1 km of the 
original capture site. Homing behaviour following translocation has also been observed; 
Langford et al. (1979) found that displaced acoustic tagged indigenous common bream in the 
River Witham returned to their capture point, although this was only observed during the winter. 
Also, Goldspink (1978) translocated 4619 opercular tagged (marked) common bream from 
Zwartemeer to Tjeukemeer, two large lakes connected by canals in The Netherlands. The fish 
dispersed and were recaptured up to 60 km from the release site. It seemed that the fish were 
homing back towards Zwartemeer via the canal system. In this study three common bream that 
were being tracked were recaptured and translocated ~35 km downstream and their behaviour 
compared with other individuals that were being tracked but were not recaptured or translocated. 
My intention was to ascertain whether there was any homing behaviour and if there were other 
behavioural differences between the two groups that were present in the same water-body and so 
subject to the same environmental variables. It was hypothesised that translocated fish would 
move longer distances and over longer lengths of river than non-translocated fish as they homed 
back to the area where they were captured. 
Here, the spatio-temporal movements of fish measured in terms of both Linear Range (LR) 
and Total Distance Moved (TDM) were compared. Behaviour of fish that had been translocated 
and freshly tagged were compared with fish that had not been translocated or freshly tagged, but 
were present in the same waterbody during the same period to determine the behavioural effects 
of surgery and translocation. 
 
3.2  Material and methods 
3.2.1  Study area 
The study area (Figure 3.1) is a continuous open reach of approximately 40 km of the non-tidal 
lower River Witham and associated tributaries starting upstream near Short Ferry (53°13'38"N; 
0°21'23"W) where the Barlings Eau tributary enters the old river loop and ending downstream at 
the tidal limit, Grand Sluice in Boston (52°58'53"N; 0°1'46"W).  
 
3.2.2  Sampling procedures 
In total, eighty-three indigenous adult common bream (mass: mean 2.37 kg ± SD 0.25, range 
1.93-2.95 kg; fork length: mean 485.6 mm ± SD 16.8, range 440-522 mm; age determined by 
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scale analysis: 13.62 mean ± SD 1.97, range 10-19 years; gender: 48% male n = 40, 52% female 
n = 43; details of all tagged fish are given in Table 3.1) were caught from the River Witham, 
Lincolnshire, UK, and tagged in seven batches between November 2006 and February 2009. A 
frequency histogram for the length of the tagged common bream is presented as Figure 3.2, the 
distribution illustrates that the sample were all large adults. 
Common bream were caught in seven groups by electro-fishing (240V, 4A, pulsed DC), 
wrap around seine netting (Coles et al., 1985; Figure 3.3) and by rod and line from the main 
river at Bardney (53°12’27”N; 0°20’12”W) and Tattershall Bridge (53°5’26”N; 0°12’54”W) 
and from the tributaries Billinghay Skirth at Tattershall Bridge and Sincil Dyke at Bardney 
between November 2006 and February 2009. Details of all fish tagged are presented in Table 
3.1. All fish were retained overnight; on one occasion in net cages placed in the river (site was 
secure), or more commonly in holding tanks between capture and tagging. After surgery fish 
were released at the site of capture. No tracking took place during July-September 2008, as 
existing tags had expired and tagging new fish was delayed until water temperatures reduced 
during the autumn / winter months due to the benefits to fish recovery at higher dissolved 
oxygen levels. 
 
 
Figure 3.1 Map of the lower River Witham between Lincoln and Boston, the study area runs 
from the old river loop upstream of Bardney to the tidal limit at Boston (source: Environment 
Agency). 
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Figure 3.2 Frequency distribution of the length of the tagged common bream. 
 
 
Figure 3.3 Seine net catch of 990 common bream caught in a single 100 m haul on 3rd 
December 2007 downstream of Bardney Bridge. Mobile tracking revealed the presence of 
several previously tagged fish in the vicinity which enabled the area to be targeted with seine 
netting (authors own photo).  
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Table 3.1 Details of common bream tagged and tracked during the study. Individual tag  number, tag type, capture method, date tagged, capture site, mass (kg), fork length 
(mm), age determined by scale analysis, gender, nominal tag delays, tag life, length of dataset collected (days), projected tag expiration date and whether the tag 
automatically switched itself off (y) or ran until batteries ran flat (n).    
No. Tag 
No. 
Tag 
Type 
Capture Method Date 
Tagged 
Capture / Release Site Mass 
(kg) 
Fork 
Length 
(mm) 
Age 
(years)5 
Male / 
Female 
Average 
Tag 
Delay (s) 
Stated 
Tag Life 
(days) 
Length of 
Dataset 
(days) 
Projected tag 
end point 
Auto 
Shut-off 
1 2 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.268 473 16 F 20 135 141 05/04/2007 n 
2 241 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.835 510 10 M 60 330 501 17/10/2007 n 
3 242 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.155 465 11 F 60 330 130 17/10/2007 n 
4 243 V9 Electro fishing1 21/11/2006 Bardney Lock3 1.928 440 10 M 60 330 108 17/10/2007 n 
5 247 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.948 512 - M 40 240 255 19/07/2007 n 
6 248 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.608 485 10 M 40 240 233 19/07/2007 n 
7 249 V9 Electro fishing1 21/11/2006 Bardney Lock3 2.495 475 12 F 40 240 163 19/07/2007 n 
8 1 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.098 460 10 F 10 80 111 19/05/2007 n 
9 244 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.381 484 13 M 60 330 495 24/01/2008 n 
10 245 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.438 510 13 F 60 330 69 24/01/2008 n 
11 246 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.098 480 10 M 60 330 489 24/01/2008 n 
12 250 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.381 492 10 F 40 240 400 26/10/2007 n 
13 251 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.495 505 - F 40 240 399 26/10/2007 n 
14 252 V9 Rod and Line 28/02/2007 Tattershall Bridge4 2.268 465 15 F 40 240 400 26/10/2007 n 
15 6066 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.041 476 13 F 40 210 208 07/05/2008 y 
16 6067 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.069 461 12 M 40 210 208 07/05/2008 y 
17 6068 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.523 508 14 M 40 210 210 07/05/2008 y 
18 6069 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.608 496 13 F 40 210 210 07/05/2008 y 
19 6070 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.155 472 12 F 40 210 209 07/05/2008 y 
20 6071 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.495 508 15 F 40 210 210 07/05/2008 y 
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No. Tag 
No. 
Tag 
Type 
Capture Method Date 
Tagged 
Capture / Release Site Mass 
(kg) 
Fork 
Length 
(mm) 
Age 
(years) 
Male / 
Female 
Average 
Tag 
Delay (s) 
Stated 
Tag Life 
(day's) 
Length of 
Dataset 
(day's) 
Projected tag 
end point 
Auto 
Shut-off 
21 6072 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.325 496 13 F 40 210 210 07/05/2008 y 
22 6073 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.665 520 15 F 40 210 208 07/05/2008 y 
23 6074 V9 Rod and Line 10/10/2007 Bardney Bridge3 2.381 500 16 F 40 210 208 07/05/2008 y 
24 6075 V9 Rod and Line 10/10/2007 Bardney Bridge3 1.928 468 14 M 40 210 210 07/05/2008 y 
25 6076 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.863 487 15 F 40 210 184 01/07/2008 y 
26 6077 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.183 472 13 M 40 210 203 01/07/2008 y 
27 6078 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.722 506 13 F 40 210 209 01/07/2008 y 
28 6079 V9 Seine netting2 4/12/2007 Bardney Bridge3 1.956 458 15 M 40 210 210 01/07/2008 y 
29 6080 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.183 471 12 M 40 210 208 01/07/2008 y 
30 6081 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.296 492 12 F 40 210 179 01/07/2008 y 
31 6082 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.636 480 12 F 40 210 183 01/07/2008 y 
32 6084 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.608 506 13 F 40 210 210 01/07/2008 y 
33 6085 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.353 495 11 M 40 210 202 01/07/2008 y 
34 6086 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.495 496 15 M 40 210 160 01/07/2008 y 
35 6087 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.381 490 13 F 40 210 210 01/07/2008 y 
36 6088 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.410 495 13 F 40 210 210 01/07/2008 y 
37 6089 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.098 474 12 M 40 210 209 01/07/2008 y 
38 6090 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.920 511 14 M 40 210 176 01/07/2008 y 
39 6091 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.155 472 13 F 40 210 191 01/07/2008 y 
40 6092 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.438 502 14 M 40 210 153 01/07/2008 y 
41 6093 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.523 475 14 M 40 210 203 01/07/2008 y 
42 6094 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.069 475 11 M 40 210 210 01/07/2008 y 
43 6095 V9 Seine netting2 4/12/2007 Bardney Bridge3 2.438 468 11 F 40 210 202 01/07/2008 y 
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No. Tag 
No. 
Tag 
Type 
Capture Method Date 
Tagged 
Capture / Release Site Mass 
(kg) 
Fork 
Length 
(mm) 
Age 
(years) 
Male / 
Female 
Average 
Tag 
Delay (s) 
Stated 
Tag Life 
(day's) 
Length of 
Dataset 
(day's) 
Projected tag 
end point 
Auto  
Shut-off 
44 12247 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.835 480 14 F 50 526 224 11/03/2010 y 
45 12248 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.296 487 14 M 50 526 360 11/03/2010 y 
46 12249 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.438 505 16 M 50 526 299 11/03/2010 y 
47 12250 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.268 470 17 M 50 526 535 11/03/2010 y 
48 12251 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.665 498 12 F 50 526 534 11/03/2010 y 
49 12252 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.608 482 12 F 50 526 259 11/03/2010 y 
50 12253 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.551 486 14 M 50 526 531 11/03/2010 y 
51 12267 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.551 488 14 M 60 621 571 14/06/2010 y 
52 12268 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.438 478 15 F 60 621 278 14/06/2010 y 
53 12269 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 1.984 483 13 F 60 621 629 14/06/2010 y 
54 12270 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.665 468 13 F 60 621 244 14/06/2010 y 
55 12271 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.325 486 15 M 60 621 306 14/06/2010 y 
56 12272 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.778 495 13 F 60 621 202 14/06/2010 y 
57 12273 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.325 494 15 M 60 621 589 14/06/2010 y 
58 12274 V13 Electro fishing1 1/10/2008 Billinghay Skirth4 2.551 495 11 M 60 621 599 14/06/2010 y 
59 12254 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.410 478 13 M 50 526 158 20/05/2010 y 
60 12255 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.041 476 12 M 50 526 528 20/05/2010 y 
61 12256 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.325 478 18 F 50 526 165 20/05/2010 y 
62 12257 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.495 488 17 F 50 526 535 20/05/2010 y 
63 12258 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.325 496 14 F 50 526 235 20/05/2010 y 
64 12259 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.041 489 14 F 50 526 184 20/05/2010 y 
65 12275 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.155 468 18 M 60 621 132 23/08/2010 y 
66 12276 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.155 479 14 M 60 621 187 23/08/2010 y 
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67 12277 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.835 522 14 F 60 621 253 23/08/2010 y 
68 12278 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.155 478 14 F 60 621 167 23/08/2010 y 
69 12279 V13 Electro fishing1 10/12/2008 Sincil Dyke3 2.098 472 15 M 60 621 174 23/08/2010 y 
70 12280 V13 Electro fishing1 10/12/2008 Sincil Dyke3 1.984 460 15 M 60 621 171 23/08/2010 y 
71 12281 V13 Electro fishing1 10/12/2008 Sincil Dyke3 1.928 454 14 M 60 621 543 23/08/2010 y 
72 12260 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.098 488 15 M 50 526 410 05/08/2010 y 
73 12261 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.211 482 13 M 50 526 143 05/08/2010 y 
74 12262 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.438 510 14 M 50 526 130 05/08/2010 y 
75 12263 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.580 518 16 F 50 526 136 05/08/2010 y 
76 12264 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.551 501 19 F 50 526 40 05/08/2010 y 
77 12265 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.098 466 15 M 50 526 134 05/08/2010 y 
78 12266 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.722 506 18 M 50 526 534 05/08/2010 y 
79 12282 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.069 492 14 M 60 621 338 08/11/2010 y 
80 12283 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.495 490 14 F 60 621 169 08/11/2010 y 
81 12284 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.041 452 13 F 60 621 521 08/11/2010 y 
82 12285 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.325 487 14 F 60 621 82 08/11/2010 y 
83 12286 V13 Electro fishing1 25/02/2009 Sincil Dyke3 2.551 502 16 F 60 621 155 08/11/2010 y 
1 Carried out using 240V, 4A, pulsed DC.  4 53°5’26”N; 0°12’54”W. 
2 Using the wrap around technique (Coles et al., 1985). 5 Determined by scale analysis (Bagenal, 1973). 
3 53°12’27”N; 0°20’12”W. 
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Two types of tags were used as manufacturing specification and tag life expectancy changed 
as the study progressed. For the first part of the study (November 2006 - June 2008) Vemco 
(Nova Scotia, Canada) V9-2L coded pingers which were cylindrical with dimensions of 29 mm 
by 9 mm diameter, weight in air of 4.7 g, weight in water 2.9 g and with operational life of 80-
330 days were used. For the second part of the study Vemco V13-1L coded pingers with 
dimensions of 36 mm by 13 mm diameter, weight in air of 11.0 g, weight in water 6.0 g and 
with operational life of 526-621 days were implanted into the body cavity. The tag weight in air 
would represent 0.16-0.57% of the fish’s weight out of water, well below the 2% recommended 
by Winter (1983). The first fourteen V9 tags used in the winter 2006/2007 had no automatic 
shutdown, meaning they transmitted until their internal batteries ran out. From then on all tags 
had an automatic shut down, meaning they ran for a specific period then switched off. This was 
due to manufacturer specification changing during the study.  
 
3.2.3  Tag implantation protocol 
The procedure described is regulated and licensed in the UK by the Home Office under the 
Animals (Scientific Procedures) Act 1986, project licence number PPL 80/2016. The surgery 
itself took place within the shelter of a mobile laboratory under conditions that were as aseptic 
as possible in-the-field. A specially constructed operating table was used to secure and restrain 
the fish in an upside-down position with the incision site clearly accessible. The mobile 
laboratory and operating table were washed and disinfected before any procedures were started. 
Surgical equipment was sterilised in surgical spirit and then rinsed with sterile water or saline 
solution. Prior to the procedure the activated tag was tested in water with a hydrophone. Tags 
were then sterilised with a 25% Dettol™ solution, rinsed with sterile water or saline solution 
and stored in a sterile swab.  
A 60 litre anaesthetic bath of Tricaine methanesulphonate MS-222 at 50 mg/L of river water 
(Carter et al., 2011), and a similar sized recovery tank of river water, both with aeration were 
clearly labelled, and the pH and dissolved oxygen levels monitored (Figure 3.4). The anaesthetic 
bath was tested with a single fish (which was not used again for subsequent anaesthesia and 
tagging) until anaesthesia was reached as indicated by loss of the righting reflex and a slowed 
operculum rate, which did not stop. The test fish was allowed to fully recover before any fish to 
be tagged were anaesthetised.  
All surgeries were conducted by myself (Home Office personal licence number PIL 
80/9908) with an assistant. Hands were disinfected with an alcohol based hand wash and 
maintained as aseptic a procedure as was possible under field conditions. I wore sterile surgical 
gloves, changing them between fish, or after coming into contact with anything away from the 
surgical area.  
Fish were firstly weighed, measured, their sex determined, primarily by the presence of 
tubercles and also by vent & body morphology (Kennedy & Fitzmaurice, 1968), and a scale 
sampled, with a scalpel, from the mid-flank above the lateral line, for subsequent age 
determination (Bagenal, 1973). The fish was then placed into the aerated anaesthetic bath. When 
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anaesthesia was reached the fish was removed from the bath, inverted and secured in the 
operating table between wet smooth foam padding with Velcro™ straps and transferred to the 
mobile laboratory. During the surgery an assistant monitored the operculum movement 
throughout. If a problem with the fish’s health or well being was encountered during the 
procedure then the team had the option to administer an overdose of anaesthetic in-line with 
schedule one of the Animals (Scientific Procedures) Act 1986.  
The incision site was on the ventral surface of the fish, anterior of the pelvic fins and 
associated muscle blocks. To allow access, a line of 4 to 6 scales were removed, with tweezers, 
from the incision site (Figure 3.5), another scale was removed midway and perpendicular to the 
incision site to allow suture entry. The site was then swabbed with an iodine based antiseptic 
(Betadine™). An incision was made with a sterile scalpel and was kept to the minimum size 
required, approximately 20-30 mm in length (Figure 3.6). The incision was begun just in front 
of the pelvic muscle blocks, where the body wall thins, and extended towards the pectoral fins.  
The incision was made slowly by dragging the scalpel lightly. An assistant used sterile 
tweezers to hold the incision open while it was being cut, this allowed the surgeon to see exactly 
when the incision breached the body cavity and thus avoided making an incision that was too 
deep resulting in damage to vulnerable internal organs. Once the incision was of sufficient size, 
the sterile tag was inserted using a sterile gloved hand and/or sterile tweezers (Figure 3.7). The 
incision was closed with a single suture (Ethicon PDS*II Polydioxanone violet monofilament 
absorbable W9125; Ethicon, Piscataway, NJ, U.S.A.; Figure 3.8). One scale had already been 
removed to allow suture entry and another 1-2 scales were removed with tweezers to achieve 
suture exit. The surgeon and an assistant worked together to achieve this. The suture was 
secured with a surgeon’s knot and excess suture material was trimmed with sterile scissors 5-10 
mm from the knot.  
The site was swabbed again and G7 wound sealer (Lincolnshire Fish Health, UK) was 
applied and allowed a few seconds to, at least partly, dry. The site was then liberally covered 
with Orabase™ (Squibb & Sons, Uxbridge, UK) protective paste to provide a temporary barrier 
(Figure 3.9), G7 wound sealer was reapplied on top of the Orabase™, to help prevent the 
Orabase™ barrier dissolving when fish were returned to the water. The whole procedure took 
three to four minutes. The fish was then removed from the operating table and immediately 
placed in the aerated recovery tank (Figure 3.10) and supported by hand in an upright position. 
An antibiotic injection of 1 ml Baytril at 2.5% directly behind the dorsal fin was given while the 
fish was recovering, although antibiotic use post surgery has subsequently been questioned by 
Mulcahy (2011). The injection was made on the same line as the erect last dorsal ray between 
the two main muscle blocks (Figure 3.11). This site reduces leakage of antibiotic post injection 
(Ian Wellby, pers. comm.). 
Once each fish was deemed recovered, which took no more than 5 minutes, it was removed 
to a separate retention net in the river for further observation (Figure 3.12). Fish were retained in 
this way for an hour after the last fish was tagged, to ensure they had regained balance and were 
actively swimming, then collectively released as a group (Figure 3.13). 
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Figure 3.4 Anaesthetic and recovery tanks (authors own photo).  
 
 
Figure 3.5 Removing scales from the incision site (authors own photo). 
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Figure 3.6 Making the incision (authors own photo). 
 
 
Figure 3.7 Tag insertion (V9 model; authors own photo). 
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Figure 3.8 Closing the incision with a single suture (authors own photo). 
 
 
Figure 3.9 Using Orabase™ protective paste to provide a temporary barrier (authors own 
photo). 
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Figure 3.10 Post-surgery fish were placed in the recovery tank until they had recovered their 
righting reflex and were actively swimming (authors own photo). 
 
 
Figure 3.11 Antibiotic injection of 1 ml Baytril at 2.5% directly behind the dorsal fin was given 
while the fish was recovering. The injection was made on the same line as the erect last dorsal 
ray between the two main muscle blocks (authors own photo). 
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Figure 3.12 Fish were retained in-river in holding nets for an hour after the last fish was tagged, 
before collective release as a group (authors own photo). 
 
 
Figure 3.13 Releasing a tagged common bream on 10th October 2010 at Bardney Bridge 
(authors own photo). 
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3.2.4  Tracking 
After release, the movements of the common bream were monitored in the lower River Witham, 
Lincolnshire between Short Ferry (53°13'38"N; 0°21'23"W) and Boston (52°58'53"N; 
0°1'46"W). Tracking results were obtained from up to twenty-six fixed VR2 and VR2W 
acoustic receivers (Vemco, Nova Scotia, Canada). These were fixed to wooden posts positioned 
in the river margins so receivers were maintained at approximately mid-water depth, a metre 
below the surface. Figure 3.14 illustrates how the number of fish being tracked and the number 
of receivers changed during the study period. Receiver coverage increased during the first 
eighteen months of the study and then remained constant. The number of fish tracked varied 
throughout the study, increasing when new fish were tagged (seven occasions) and decreasing as 
tag batteries expired and when tagged fish permanently left the study area.  
 
 
Figure 3.14 Receiver coverage and sample size of tracked fish. Grey bars represent the 
number of VR2 and VR2W acoustic receivers used to track the fish and, solid black line with 
black diamond markers, the number of fish tracked during the study period. No tracking took 
place during July-September 2008, as existing tags had expired and tagging new fish was 
delayed until water temperatures reduced during the autumn / winter months due to the 
benefits to fish recovery at higher dissolved oxygen levels. 
 
3.2.5  Recapture and translocation of tagged fish 
Fish were recaptured both intentionally, for translocation, and unintentionally, during fishing 
operations to capture fresh fish for tagging. When new fish were required for tagging, mobile 
tracking with a VR100 mobile receiver (Vemco, Nova Scotia, Canada) was undertaken to find 
areas where tagged fish were present and fishing for fresh fish was concentrated in these areas. 
Mobile tracking involved the use of an Omni-directional hydrophone which was placed into the 
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water to detect any tags within range of the receiver. Common bream are a shoaling species 
(Backiel & Zawiska, 1968) and it was reasoned that tagged fish would be associated with many 
untagged fish.  
Recaptured tagged fish were isolated and identified with the VR100 mobile receiver (Figure 
3.15) in separate bankside tanks, identification was confirmed by the presence of surgery scars. 
The incision site was inspected and photographed to show the extent of tissue regeneration. All 
fish were returned to the river alive. 
On 16 March 2010 three fish (tag numbers: 12266, 12257 & 12255) were caught by wrap-
around seine netting: 35 m by 3 m pull down and 50 m by 3 m wrap (Coles et al., 1985) in the 
Sincil Dyke when three separate single haul nettings covered a length of drain of ~1 km. The 
fish were placed in individual large plastic bags (60 cm by 100 cm) containing approximately 20 
L of water, bags were sealed at the top and the air space filled with oxygen from a bottle supply. 
Fish were then translocated ~35 km downstream (Figure 3.16) by road and released at Langrick 
Bridge (53°0’36”N; 0°6’52”W) so their spatio-temporal behaviour could be compared with 
control tagged fish that were present in the river, but not recaptured or translocated. 
 
 
Figure 3.15 Identifying and isolating recaptured tagged fish on the banks of the Sincil Dyke. 
Fish were placed in tanks and tagged fish identified with a VR100 (Vemco, Nova Scotia, 
Canada) mobile tracking unit (authors own photo). 
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Figure 3.16 Releasing a translocated fish at Langrick Bridge 35km downstream from capture 
site  (authors own photo). 
 
3.2.6  Data handling and statistical analysis 
Data were downloaded to a laptop computer using VR2PC and VUE software packages 
(Vemco, Nova Scotia, Canada). Data were collected in this manner at first on a monthly basis 
but later, as confidence in data security grew and the dataset became very large, every two-three 
months. Fish were also manually tracked with a VR100 (Vemco, Nova Scotia, Canada) mobile 
unit although no mobile tracking results were integrated into the dataset for subsequent analysis. 
If fish left the study area but later returned, they were still considered part of the study while 
outside the range of the study, but when fish left the study area and did not return they were no 
longer considered part of the study. Allocation of a km value to the nearest 0.1 km (measured 
using ArcMap v9.1 Geographic Information System, ESRI Ltd, Redlands, CA, USA) upstream 
of the tidal limits at Boston for each receiver allowed the movements for individual fish to be 
plotted.  
There were five events when new fish were tagged while other tagged fish were being 
tracked in the river, allowing the behavioural effects of capture, handling and tagging to be 
compared between these two groups; freshly tagged (tagged) and previously tagged (control). 
The effects of the single translocation event of three fish were also compared. Two methods of 
quantifying the spatio-temporal behaviour of tracked fish were used. The cumulative distance 
moved between the receivers visited by an individual fish gave the Total Distance Moved 
(TDM) in km. The longitudinal distance between the most upstream and downstream detections 
(Young, 1999; Ovidio et al., 2000) gave the linear range (LR) in km with positive values 
indicating ranges upstream while negative values indicating ranges downstream. Both TDM and 
LR were calculated for every fish tracked over the ten day period post operation for the effects 
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of tagging procedure analysis and over concurrent five day periods up to twenty five days post 
translocation, as all fish had homed back to the place of capture during this time period.  
The effects of tagging and translocation on TDM and LR during each period following 
tagging and translocation were analysed by Mann-Whitney U tests, as data were not normally 
distributed. All analyses were performed with Minitab® v15.1.1 (Minitab Inc., PA, USA). 
 
3.3  Results 
All eighty-three common bream made a full recovery post-surgery and swam away strongly on 
release. One fish implanted was euthanased in-line with schedule one of the Animals Scientific 
Procedures Act (1986) after it failed to recover from anaesthesia, post-mortem revealed no 
surgical complications. Individual fish were tracked from 40-629 days (mean 266.0 ± SD 146.7) 
producing a dataset of over 3.1 million detections.  
Figure 4.17 illustrates the seasonal pattern of data collection with more detections being 
registered during the winter and spring periods. Tag battery life exceeded the manufacturer’s 
specification where no automatic stop was placed on the tag, usually substantially. For example 
tag 250 (stated life 240 days) appeared intermittently in the study area for 1035 days, although 
only 400 days of data (from tagging in February 2007 to June 2008) were incorporated into the 
dataset for analysis as detections past this point appeared to be discontinuous suggesting that the 
transmitter was operating intermittently. Data from other tags which appeared to operate 
intermittent once post the stated tag life were also deemed unreliable due to its discontinuous 
nature and was thus omitted from the analysis. Tags with automatic stops all shut down in line 
with specifications. Subsequent data analysis showed no evidence of tag expulsion and survival 
rates of 100% were experienced for fish that stayed within the study area. All fish released 
showed upstream movements for at least two months, usually substantially more, post surgery. 
Continuous datasets were collected for all fish that stayed within the study area for up to 20 
months post surgery and displayed several upstream and downstream movements.  
A number of tagged fish left the study area and did not return (38%), they were last detected 
at possible exits from the study area; fish leaving the study area and returning after a period was 
a common occurrence. Figure 3.18 illustrates how the sample size of the study changed over 
time compared with what was projected, assuming no fish left the study area. In the first half of 
the study the sample size was close to the projected sample size, although at times were greater 
than expected; when tags ran longer than expected e.g. at the beginning of 2008. During the 
second part of the study sample size was lower than projected; as tracked fish left the study area. 
During the first half of the study four tagged fish (9%) left the study area, during the second half 
of the study twenty-eight tagged fish (70%) moved out of the study area; predominantly through 
the Billinghay Skirth and Sincil Dyke. 
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Figure 3.17 Data collected each month. Solid black line and black square markers is the total 
number of detections collected, dark grey line with triangular markers is the number of 
detections per tagged fish present and the light grey line with diamond markers is the number of 
detections per receiver in each month of the study. 
 
3.3.1  Recaptured fish 
A single haul seine netting on 3rd December 2007 at Bardney Bridge (53°12’27”N; 0°20’12”W) 
resulted in 990 adult common bream with masses between ~2-3 kg. The netting recaptured four 
tagged common bream, three (Tag numbers: 6070, 6073 & 6074) 51 days post-surgery and one 
(Tag number: 252) 275 days post-surgery. One fish (Tag number: 12275) was recaptured 76 
days post-surgery by electro-fishing in the Sincil Dyke on 24th February 2009. One fish (Tag 
number: 12266) 384 days post-surgery and two fish (Tag number’s: 12257 & 12255) 461 days 
post-surgery were recaptured during the nettings on 16th March 2010, which resulted in a catch 
of 1,270 adult common bream weighing between ~1-3 kg. 
Recaptured fish appeared to be behaving naturally; they were associated with numbers of 
untagged fish, sometimes in very high densities. Physically they exhibited clean healing and 
tissue regeneration (see Figure 3.19) although in one case there was some haemorrhaging. There 
was no evidence of the tag expulsion process that has been described by Jepsen et al. (2008). All 
recaptured fish appeared to be in no worse a physical condition than when they were tagged. All 
three fish recaptured 51 day post-surgery and the single fish recaptured 76 days post-surgery 
still had sutures present. All four fish recaptured after 275-461 days post surgery displayed clean 
healing and suture absorption, with a small scar being the only evidence of the surgical 
procedure. This suggests that the sutures were absorbed in line with the manufacturers’ 
specifications, which state that absorption is minimal until about the 90th post-surgery day and is 
essentially complete between 180 and 210 days when assayed in laboratory rats Rattus 
norvegicus (B.). 
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Figure 3.18 Projected sample size compared with the actual sample size. Solid black line with 
black square markers represents the projected sample size assuming no fish left the study area, 
grey line with grey diamond markers is the observed number of tagged fish within the study 
area. 
 
 
 
 
 
Figure 3.19 Incision site of fish 6073 - 51 days post surgery. Note the very clean advanced 
healing and incision closure, suture still present (authors own photo). 
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3.3.2  Effects of tagging procedure 
The mean TDM and the mean LR during the ten day period post-surgery and release of freshly 
tagged fish and control tracked fish for all five tagging events are presented as Figure 3.20 and 
Figure 3.21 respectively. There was no consistent pattern in the TDM by each group during the  
 
 
Figure 3.20 The mean total distance moved (± SE) for all five tagging events over the ten day 
period after tagging and release of freshly tagged fish (n=61) and control tracked fish (n=55). 
 
 
Figure 3.21 The mean linear range (± SE) for all five tagging events over the ten day period 
after tagging and release of freshly tagged fish (n=61) and control tracked fish (n=55). Positive 
values denote ranges upstream whilst negative values denote ranges downstream. 
 
five tagging events, sometimes the control fish had higher TDM, sometimes the freshly tagged 
fish had higher TDM and sometimes they were equivalent. Similarly there was no consistent 
pattern in the LR of the two groups during the ten day period post surgery. Mann-Whitney U 
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tests revealed no significant differences, following Bonferroni correction, between the two 
groups in terms of TDM and LR during the ten day period post surgery for all five tagging 
events; results are presented in Table 3.2. 
 
3.3.3  Effects of translocation 
Following translocation all three fish returned to the Sincil Dyke, between 6-24 days after being 
released ~35 km downstream at Langrick Bridge. Fish 12255 (a male; Figure 3.22A) returned to 
the  Sincil Dyke at 9am on 27th March, 11 days after release at Langrick Bridge. On release this 
fish moved directly upstream to Tattershall Bridge (~15km) within 24 hours where it stayed for 
8 days then moved again directly upstream back to the Sincil Dyke. By contrast fish 12257 (a 
female; Figure 3.22B) returned to Sincil Dyke at 7am on 22nd March, 6 days after release. On 
release this fish moved downstream and upstream for a day, before moving directly back to the 
Sincil Dyke, with a slight pause of ~1 day at Tattershall Bridge. Finally, fish 12266 (a male; 
Figure 3.22C) returned to Sincil Dyke at 3am on 9th April, 24 days after release. This fish had 
moved directly upstream to Tattershall Bridge after release where it stayed wandering upstream 
and downstream over ~5 km of river for ~2 weeks. It then moved upstream to Bardney where it 
stayed for ~1 week before moving back ~7 km downstream, then moved upstream once more 
into the Sincil Dyke and remained highly mobile in the following months. 
 
 
Table 3.2 Mann-Whitney U tests results for comparisons of TDM and LR during ten day period 
post-surgery between freshly tagged (T) and control (C; previously tagged) fish during all five 
tagging events. Significant at < 0.01 following Bonferroni correction. 
E
v
en
t 
Total Distance Moved (TDM) Linear Range (LR) 
Median 
T 
Median 
C 
Mann-Whitney U Test results 
Median
T 
Median 
C 
Mann-Whitney U Test results 
1 18.30   1.45 U=16, n1=4, n2=7, P = 0.154   5.70   0.00 U=12, n1=4, n2=7, P = 0.027 
2   6.10 14.45 U=70, n1=10, n2=6, P = 0.044 -0.95 -2.80 U=70, n1=10, n2=6, P = 1.000 
3   6.70   3.40 U=224, n1=15, n2=19, P= 0.192   0.90   0.90 U=292, n1=15, n2=19, P = 0.283 
4   3.60   3.30 U=127, n1=11, n2=13, P= 0.580   1.00   0.00 U=117, n1=11, n2=13, P = 0.236 
5   4.00   1.00 U=242, n1=19, n2=12, P= 0.011   0.00   0.00 U=319, n1=19, n2=12, P = 0.511 
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Figure 3.22 Fish plots for A; tag ID 12255 (male), B; 12257 (female) and C; ID 12266 (male) 
showing behaviour before and after translocation. Return journey to Sincil Dyke shown in red, 
which took 11, 6 and 24 days after release at Langrick Br respectively. 
A 
B 
C 
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The mean TDM over concurrent five day periods up to twenty five days after release for the 
translocated group and non-translocated control group is presented as Figure 3.23. The 
translocated fish moved substantially more than the control fish during the first, third and fourth 
five day periods post translocation, otherwise values were comparable. Mann-Whitney U tests 
(Table 3.2) revealed no significant effect in any five days period following translocation.   
The mean LR over concurrent five day periods up to twenty five days after release of the 
translocated group and control group is presented as Figure 3.24. The translocated fish moved 
long distances upstream as they returned to the Sincil Dyke, while the control fish slowly ranged 
downstream. Mann-Whitney U tests revealed significant differences in every concurrent five 
day period; results are presented in Table 3.3.  
 
Table 3.3 Mann-Whitney U tests results for comparisons of TDM and LR between fish captured 
and translocated ~35 km downstream, and control fish not captured or translocated. 
Concurrent five day period Total Distance Moved Linear Range 
1 (1-5 days) U=25, n1=3, n2=7, P =0.0674 U=27, n1=3, n2=7, P = 0.0227 
2 (6-10 days) U=19, n1=3, n2=7, P =0.6475 U=27, n1=3, n2=7, P = 0.0227 
3 (11-15 days) U=19, n1=3, n2=7, P =0.6485 U=27, n1=3, n2=7, P = 0.0227 
4 (16-20 days) U=24.5, n1=3, n2=7, P =0.0855 U=27, n1=3, n2=7, P = 0.0227 
5  (21-25 days) U=16, n1=3, n2=7, P =1.0000 U=27, n1=3, n2=7, P = 0.0227 
 
 
 
 
Figure 3.23 The mean total distance moved (± SE) over concurrent five day periods up to 
twenty five days (0-5 days open bars to 20-25 days dark grey bars) after release for the 
translocated group (n=3) and non-translocated control group (n=7). 
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Figure 3.24 The mean linear range (± SE) over concurrent five day periods up to twenty five 
days (0-5 days open bars to 20-25 days dark grey bars) after release for the translocated group 
(n=3) and non-translocated control group (n=7). Positive values denote ranges upstream whilst 
negative values denote ranges downstream. 
 
3.4  Discussion 
3.4.1  Tagging protocol 
The tagging protocol described above was conceived after a review of the literature and 
discussion with practitioners. Implanting transmitters and transponders into the body cavity of 
fishes (see Baras & Philipart, 1989; Moore et al., 1990; Wagner et al., 2011) dates back to at 
least Johnson & Hasler (1977). Implantation into the peritoneal cavity is recommended for long-
term tracking studies of fishes (Lucas & Batley, 1996) and is regularly used for cyprinid studies 
(Lucas & Batley, 1996; Huber & Kirchhofer, 1998; Lyons & Lucas, 2002; Winter & Fredrich, 
2003; Fredrich et al., 2003; Kuliskova et al., 2009). Surgery is usually quick with the procedure 
taking approximately 5 minutes (e.g. Johnson & Hasler, 1977; Lucas & Batley, 1996). 
In earlier studies transmitters were often attached externally (e.g. Langford, 1974, 1979 & 
1981; Schulz & Berg, 1987; Baade & Fredrich, 1998) with, for example, the tag harnessed 
dorsally by means of degradable gut immediately to the rear of the dorsal fin (Langford, 1974), 
or attached with silver wire in front of the dorsal fin (Schulz & Berg, 1987). Many of these early 
studies were with relatively primitive technologies and tags were often only operational for a 
matter of days. However, technological advances have allowed the production of tags with a 
battery life of many years and surgical implantation eliminated the problems of fouling and 
infection associated with external attachment (Cooke et al., 2012). Tags can also be placed into 
the fishes stomach via the mouth (e.g. Lucas & Johnstone, 1990), either inserted while under 
anesthesia or voluntary by feeding within bait. This technique is ideal for short term study 
because it in less invasive than surgery, and the later can even be carried out without the need to 
capture the target fish. Migratory salmonids tend not to feed once they enter the freshwater 
environment; as a consequence stomach tagging is widespread for studying this aspect of their 
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life-cycle (e.g. Laughton, 1989; English et al., 2005). However, long-term retention is often 
poor in actively feeding fish as transmitter presence interferes with digestion and as a 
consequence are often regurgitated (Lucas & Johnstone, 1990; Neely & Steffensen, 2010) and 
can cause mortality (Neely & Steffensen, 2010). This technique is also considered inappropriate 
for cyprinids as they possess pharyngeal teeth (Lucas & Baras, 2001).  
There are many types of anaesthetic available for use with fish (see Ross & Ross, 2008; 
Bridger & Booth, 2003). Cyprinid telemetry studies involving surgery have used 2-phonoxy 
ethanol (Winter & Fredrich, 2003; Kuliskova et al., 2009), Tricaine methane-sulphonate (MS-
222; Huber & Kirchhofer, 1998; Baade & Fredrich, 1998; Fredrich et al., 2003; Winter & 
Fredrich, 2003; Bolland et al., 2008) and Benzocaine (ethyl p-aminobenzoate; Lucas & Batley, 
1996). However, in the UK only Tricaine methane-sulphonate (MS-222) has been licensed for 
use with fish by the Veterinary Medicines Regulations (VMR) 2011. Other products may be 
used if specified in licenses under Animals (Scientific Procedures) Act 1986.  
A mid-ventral incision, as recommended by Lucas & Baras (2001), was used on the belly of 
the fish where the two muscle blocks meet. With this technique damage to the striated muscles 
is kept to a minimum, thus quickening recovery. Lateral incisions as used by Knights & Lasee 
(1996), cause greater tissue damage increasing recovery time. Incisions were kept as small as 
possible and were never greater than ~30 mm. The body wall of common bream is very tough, 
with layers of rigid overlapping scales that has made surgery difficult in previous studies 
(Jepsen et al., 2002), but this may aid tag retention.  
The size of incision necessary to implant a transmitter should be kept as small as possible to 
aid quick healing and recovery, although this will be dependent on the size of the transmitter 
itself. The incision site is often inconsistent between studies, for example; acoustic tags 8 cm by 
2 cm were implanted through 3-4 cm lateral to the midline incisions cut with a scalpel and 
opened with scissors (Johnson & Hasler, 1977). Radio tags 10.9 mm diameter and 37.5 – 55.5 
mm in length were implanted through a 2-3 cm incision 3 cm behind the base of the left pectoral 
fin (Fredrich et al., 2003). Ventral incisions involve the least tissue damage and therefore should 
aid quick recovery and healing (Wagner et al., 2011). The removal of scales to access the 
incision site makes surgery less complicated and is frequently practiced for intraperitoneal 
implantation (Cooke et al., 2012). However, there is some evidence that this practice leads to 
higher levels of tissue necrosis compared with those fish implanted without removing scales 
(Bauer, 2005). Scales are embedded in the dermis so their removal can cause additional trauma 
(Harms, 2005).  Thick scales, like those found on many large cyprinids blunt scalpel blades 
extremely quickly, severely reducing the quality of the underlying incision, and this is the most 
common and acceptable reason for removing scales (Cooke et al., 2012).  
Transmitters are usually inserted along the longitudinal axis of fish’s body (e.g. Johnson & 
Hasler, 1977) and positioned above the pelvic girdle to reduce pressure on the body wall and the 
incision site itself, which is usually sutured with absorbable materials (e.g. Winter & Fredrich, 
2003) either with a single suture or multiple separate sutures (e.g. Fredrich et al., 2003; 
Kuliskova et al., 2009) dependant on the size of the incision. Suturing is not a requirement with 
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small incisions (< 5 mm) to implant PIT tags (Skov, 2005). Accounts of post surgery tag 
retention vary; Baras (1997) retained radio tagged barbel in-river for six days, feeding 
chironomid larve to allow recovery from the procedure and allow an evaluation of the success of 
surgery to be made. Short periods of retention are usually practiced once fish regain equilibrium 
and normal swimming behaviour this is usually in the order of minutes (e.g. Lucas & Batley, 
1996; Fredrich et al., 2003) rather than hours. 
 
3.4.2  Recaptured fish 
Whenever surgery is involved fish will be subjected to disturbance and post-surgical healing 
rates vary according to species, age, the size of the incision and associated trauma and water 
temperature (Lucas & Baras, 2001). Although the survival of tagged fish is often not the best 
measure of the impact of the surgical procedure on fish in tagging studies (Jepsen et al., 2008), 
it remains the simplest to measure without invasive or destructive techniques. All recaptured 
fish in this study showed advanced healing and no suture loss after 51 days with water 
temperatures between 4-14 ºC. The four fish recaptured 275-461 days post tagging showed 
complete external recovery with the incision site hard to identify and the suture had disappeared.  
Temperature is an important factor in healing (Knights & Lasee, 1996). Lucas & Batley 
(1996) found no evidence of mortality or morbidity in tagged barbel in the Yorkshire Ouse, UK, 
following the implantation of radio transmitters. They found recaptured tagged fish that had 
incision closure and advanced healing within 21 days and by 42 days recognition of the incision 
site was difficult. The observations of Lucas & Batley (1996) were made between late May and 
early June when UK water temperatures, and thus fish metabolism and healing rates, would 
have been higher. Lyons & Lucas (2002) reported no evidence of mortality of common bream in 
the river Trent, Nottinghamshire UK, with intraperitoneal implanted acoustic transmitters; 
surgery was also carried out during the summer months, post spawning.  
Water temperatures during the tagging described here were between 5-13 ºC and were 
carried out during the autumn and winter to utilise low water temperatures and associated 
benefits to fish recovery due to increased oxygen levels. Increased mortality, lower tag retention 
rates and higher risks of infection have been shown at higher temperatures, i.e. 20 ºC (Knights 
& Lasee, 1996). However, whilst cooler conditions should aid fish recovery, healing rates and 
suture absorption appear to be slowed down.  
The specification of sutures used here states that absorption is minimal until about the 90th 
post-implantation day and is essentially complete between 180 and 210 days when assayed in 
laboratory rats. The three fish recaptured 51 days post-surgery still had sutures evident, whilst 
the fish recaptured 275 days post-surgery had no sutures present, in line with the manufacturers’ 
specifications. Low water temperatures may affect absorption rates and will certainly affect 
healing speed. Retention of sutures until healing is advanced is preferable to premature loss 
which may increase tag loss and mortality risk (Jepsen et al., 2002). A single suture was seen as 
sufficient for incision closure due to the splinting effect of adjacent scales and body 
morphology; it also had the benefit of being fast and simple. Constant irrigation of the gills with 
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oxygenated weak anaesthetic solution throughout the procedure is often recommended (Bridger 
& Booth, 2003). However with the whole procedure taking as little as three minutes, this was 
deemed unnecessary and would further prolong the operation. Simplicity of operation as 
recommended by Jepsen et al. (2002) was adopted. 
 
3.4.3  Shoaling behaviour 
Efforts to recapture fish often resulted in the capture of large numbers of individuals indicating 
tight shoaling behaviour (as described by Backiel & Zawiska, 1968; Phillips & Rix, 1985), 
possibly exaggerated by the time of year as common bream have been known to gather in high 
densities during the winter months (Borcherding et al., 2002.). Observations, of tagged fish with 
other untagged fish (e.g. Clough & Ladle, 1997; Clough & Beaumont, 1998), and of fish 
engaged in activities such as migration (e.g. Baras, 1997) and spawning (e.g. Lucas & Batley, 
1996) soon after tagging have been used to suggest ‘normal’ behaviour by the tagged fish and 
that they are not placed at a disadvantage by tag presence.  
 
3.4.4  Fish that left the study area 
Incidence of fish leaving the study area was much more prevalent in the second half of the 
study. Twenty-eight of the forty tagged fish (70%) compared with four out of forty-three (9%) 
in the first half, appeared to leave the study area while they were being tracked. The spring and 
summer months saw the highest rate of fish leaving the study area (Figure 3.7), the reduction in 
sample size during spring/summer 2009 was due to fish moving out of the study area, the 
reduction in spring/summer 2010 was due to tag life being reached as well as fish moving out of 
the study area.  
Where each group of fish were caught may provide a possible explanation for this high 
emigration rate in the latter half of the study. The fish tracked in the second half of the study 
were all caught in tributaries (Billinghay Skirth and Sincil Dyke), which are natural exits to the 
study area, whereas fish caught in the first half of the study were all caught in the main river 
channel several km away from any such possible exits. Fish displaying an affinity to the site of 
capture, site fidelity or occupying a home range in the areas close to exits from the study area 
are more likely to leave by these exits. The tags used in the second half of the study also had 
much longer operational lives which would have increased the likelihood of fish leaving the 
study area while tags were operational.  
Common bream are classified as semi-migratory by Backiel & Zawiska (1968), floy tagging 
of 2,763 adult common bream re-released into the river Suck, Ireland, resulted in 110 
recaptures, 35 were recorded at 2-59 km from the original tagging site while 75 were recaptured 
on site (Whelan, 1983). Goldspink (1978) marked 4,619 adult common bream in Tjeukemeer, a 
large shallow lake in the Netherlands, the majority of fish recaptured were from the lake, 
although recapture rates were low and this only represented 351 fish (7.5%). Common bream 
also travelled through connecting channels to adjoining waterbodies, with 101 fish (2.1%) 
caught outside the lake with individuals recorded up to 60 km from the release point. The 
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present study took place in a very large lowland riverine ecosystem and fish should be expected 
to move outside of the monitored area and into adjacent connected waterbodies. The seemingly 
high incidence of fish emigration from the study area is consistent with previous studies and 
there would appear to be a high level of interchange of individuals between adjacent connected 
drain networks. 
 
3.4.5  Effects of tagging procedure 
There were no consistent effects of the tagging procedure on the distances the newly tagged fish 
moved or their linear range immediately after being tagged, when compared with fish tagged 
previously. It is important to know if tagging disturbs the behaviour observed (Fredrich et al., 
2003) to validate the data collected and conclusions drawn. Previous studies have excluded data 
from the period immediately after tagging (e.g. one week by Allouche et al., 1999) or excluded 
it from analysis to mitigate for the effects of tagging and handling on fish behaviour (Winter, 
1996). Behaviour after release can vary with species. 88% of tagged dace in the River Frome, 
UK, moved upstream immediately after release, making large excursions on the day of release 
and three fish were lost outside of the study area (Clough & Beaumont, 1998). Unusual long-
distance movement may occur during the first days of release after transmitter implantation 
(Mesing & Wicker, 1986). However, in contrast Lyons & Lucas (2002) observed no large 
movements (> 100m) of tagged common bream in the River Trent in the first hour after release 
and within 24 hours all nine fish had taken up a ‘daytime position’ which was heavily used 
throughout the rest of the tracking period, displaying ‘normal’ behaviour in the context of the 
whole study. The difference between these two reactions to surgery could reflect their 
vulnerability to predators, dace being a common prey item for pike, in the River Frome (Masters 
et al., 2002) whilst the larger common bream had no real predators in the River Trent at this 
time. The low spatial resolution of the present study, when compared to say radio tracking, may 
have been unable to detect subtle behavioural changes following tagging. However in the 
context of this study there was no justification to exclude data collected immediately after fish 
were tagged. 
 
3.4.6  Effects of translocation 
Although the sample size for this experiment was low, as only 3 fish could be captured for 
translocation, some interesting results were achieved. Translocation did not significantly affect 
the activity levels of the fish translocated (although this could be a consequence of limited 
statistical power), but their linear ranges were significantly affected, as fish appeared to display 
‘homing behaviour’ and moved back upstream towards the original capture site whilst control 
fish tended to move downstream at a slower rate over the same period (in line with the seasonal 
trend in movements / behaviours; see Chapter 4). It would appear that the translocated fish 
displayed a homing ability even over ~35 km of apparently homogenous river. Interestingly, all 
the translocated fish paused their upstream movements for varying periods of time in the 
Tattershall Bridge area. 
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How fish achieve navigation in complex habitats has been the subject of much speculation 
(see Walker & Hasler, 1949; Hasler & Wisby, 1958; Malinin, 1971; Carlson & Haight, 1972; 
Smith, 1985; Mesing & Wicker, 1986; Hert, 1992; Baras, 1997, Odling-Smee, 2003) but no firm 
conclusions have been made and it is likely that many mechanisms are used. However, olfactory 
cues are thought to be particularly important and are possibly the primary mechanism used by 
adult Atlantic salmon to locate their natal river, according to the home-stream odour hypothesis 
(Smith, 1985). Experiments have suggested this mechanism is also important for fish navigating 
‘home’ following translocation. For example, fourteen radio tagged brown trout were displaced 
over 800-3600 m upstream and downstream in the River Eden, Scotland. Twelve of these fish 
subsequently returned to the areas from which they were taken, seemingly to follow specific 
orientation cues (e.g. olfactory) rather than searching at random (Armstrong & Herbert, 1997).  
Here, data lend support for the notion that fish are capable of relocating by directed 
movements using specific orientation cues, rather than by accident or a random search pattern. 
Prior to translocation all fish were relatively resident in the Sincil Dyke, and had been for some 
time. Following translocation, once fish had returned ‘home’, they tended to remain in relatively 
localized areas of the channel for a subsequent period (Figure 3.22). The preceding tracking data 
of the fish allows some assessment of each fish’s ‘familiar area’ (the zone through which the 
fish could remember having moved; Bovet 1992). Interestingly the one fish that took the longest 
to return ‘home’ had prior knowledge of the lower river where it was translocated. Therefore, 
this fish could be using olfactory beacons (the presence or absence of familiar odours emanating 
from the familiar area; Halvorsen & Stabell 1990), or any of a range of other potential cues, 
such as visual and olfactory landmarks, or areas of distinct waterflow patterns (Armstrong & 
Herbert 1997). Whereas the other two translocated fish had not experienced the lower river in 
the preceding ~15 months and may have no experience of its visual and olfactory landmarks to 
use as navigational aids, and were the quickest to return ‘home’. 
 
3.4.7  Possible experimental bias 
During the first half of the study fish were sampled by a variety of methods which had the 
potential of introducing bias as they may be more or less selective against certain behavioural 
types e.g. rod and line may select for bolder fish than electro-fishing (see Biro & Post, 2008; 
Klefoth et al., 2012). Ten fish tagged in October 2007 were caught by rod and line, and although 
generally healthy some fish showed signs of physical damage, exhibiting scale loss, associated 
inflammation and slight bacterial infection. Subsequently when three of these fish were 
recaptured in November 2007, they were in similar physical condition relative to the pre-surgery 
condition, although healing at the incision site was evident. They were also conspicuous in the 
shoal of 990 captured individuals in that they were in relatively poor physical condition. It is 
possible that out-of-condition fish may be more susceptible to capture by rod and line, making 
the method unsuitable for fish capture for tracking studies as the technique is best used with fish 
as fit as possible. Fish were sampled from just the main river channel in the first two years of 
the study and from just inside tributaries during the third year, which also has the potential to 
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influence results as fish captured in a certain channel type may have an affinity with that habitat 
type. 
In conclusion, this study detected no impacts of tagging on the spatial temporal behaviour of 
common bream in respect to both the distances they moved and their linear range. Recaptured 
fish had clean healing/scars and appeared to be exhibiting ‘normal’ behaviour in that they were 
part of large shoals of common bream. Translocated fish appeared to exhibit homing behaviour, 
moving quickly back to the site of capture. 
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Chapter 4 Seasonal movements with shifts in lateral and longitudinal habitat use.  
 
4.1  Introduction 
Large lowland rivers are often heavily influenced by human activity, resulting in uniform 
riverine ecosystems with regard to both physical form and water flow (Brookes, 1988) that 
present many challenges to fish populations (Linfield, 1985). Direct interventions on lowland 
riverine ecosystems for the purposes of navigation (impoundment and barriers), flood control 
(artificial levee construction), land drainage (artificially high peak flows) and flow regulation 
(modification of hydrograph) are prevalent. Changes in river morphology generally shift 
riverine ecosystems from lentic towards lotic environments (Welcomme, 1994) through habitat 
degradation and reduced longitudinal and lateral connectivity. Negative impacts on fish 
community structure centre on the reduced ability of fish to exploit specialised habitats required 
for the completion of their life-cycles (Pinder, 1997), specifically impacting those fish e.g. 
common bream adapted to utilise lentic habitats for spawning, nursery and flow refuge. 
Therefore, lowland rivers often require rehabilitation, which is now being driven by legislation 
(e.g. EU Water Framework Directive 2000/60/EC). However, long-term field studies 
documenting the influence of environmental variables on longitudinal and lateral movements of 
adult fish are required to provide empirical evidence to support management actions aimed at 
conserving populations and rehabilitating habitats. In Europe, large lowland riverine ecosystems 
are dominated by cyprinid fishes but studies of their seasonal movements and habitat use in such 
environments are relatively rare. 
Acoustic telemetry is an established technique for long-term study of the movements and 
habitat use of large fish (Lucas & Baras, 2001; Jellyman, 2009), including common bream 
(Langford et al., 1979; Lyons & Lucas, 2002). In this study acoustic telemetry is used to 
determine seasonal patterns of activity, distribution and habitat use of common bream within the 
lower River Witham between November 2006 and June 2008, and October 2008 and August 
2010. Three habitat types were identified; a deep tributary, shallow tributaries and the main river 
channel, it was hypothesised that these different habitats would be used at different times of the 
year and in relation to changing environmental conditions, such as flow rate and temperature.   
 
4.2  Materials and methods 
4.2.1  Study area 
The River Witham, in eastern England, rises near South Witham (52°45'44"N; 0°37'38"W), 
Lincolnshire, UK, and flows north to Lincoln and then south east to Boston (52°58'53"N; 
0°1'46"W), where it discharges into The Wash. The study area (Figure 4.1) is a continuous open 
reach of approximately 40 km of the non-tidal lower river and associated tributaries starting 
upstream near Short Ferry (53°13'38"N; 0°21'23"W) where the Barlings Eau tributary enters the 
Witham and ending downstream at the tidal limit, Grand Sluice in Boston (52°58'53"N; 
0°1'46"W). This uniform man-made channel is managed for the purposes of navigation and land 
drainage, and has been straightened, widened and deepened (Wheeler, 1990) with high levees 
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constructed (Environment Agency, 2008) 3-4 metres from the water’s edge on both banks 
(Forbes & Wheeler, 1997). This environment presents fish populations with a variety challenges 
such as the absence of a functional floodplain, large floodwater discharge, high velocity flows in 
the lower reaches (Environment Agency, 2008) leading to flush out (Linfield 1985) and poor in-
river and marginal habitat. Intensive use of adjacent agricultural land results in high nutrient and 
silt levels from run-off leading to eutrophication and the potential to reduce water quality. River 
levels are artificially lowered during the winter months to increase the rivers flood storage 
capacity (Figure 4.2). During April - October the normal river level is maintained at 
approximately 1.5 m above Ordinance Datum Newlyn (ODN), and from November - March the 
level is reduced to and maintained at 1 m ODN, during dry conditions. The main channel is 
trapezoidal and canalised with a depth of 2-4 m at normal  
 
 
Figure 4.1 Map of study area; the lower River Witham, showing the river zone number (1-7) 
to which receivers were allocated for the ‘monthly longitudinal distribution’ analysis. Place 
names are also included, tributaries are labelled in italics and capture and release sites are 
labelled by capital letters (see Table 1). Insert (top right) is an expanded view of the study 
area showing Bardney Lock ‘z’ which is generally impassable to fish, the old river loop that 
is fed from the main navigation channel at an impassable weir ‘w’, and the Sincil Dyke which 
contains more than one receiver (‘x’ and ‘y’). 
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summer level with a width of 30-40 m, and usually hosts substantial macrophyte growth during 
the summer months.  
The study area contains a number of tributaries, which group into two types according to 
depth. Firstly, the Sincil Dyke is a linear channel ~2 m deep at summer level, approximately 10-
15 m wide and flows from its inception at Lincoln to the west, parallel with the main river to 
Bardney where it enters the lower river (Wheeler, 1990). Secondly, Nocton Delph, Timberland 
Delph, Duckpool Drain, Billinghay Skirth, River Bain and River Slea (Figure 4.1) are shallow 
(0.6-1 m depth at summer level) linear channels approximately 10-25 m wide. These channels 
carry water drained from the surrounding agricultural land, but are heavily silted and are 
generally slow flowing to static in normal dry conditions. Marginal habitat of Sweet Reed Grass 
Glyceria spp. and Common Reed Phragmites australis (Cav.) is prevalent in all of these 
tributaries and there is substantial macrophyte growth during the summer months, interspersed 
with heavy filamentous algae Cladophora spp. growth on the bed.  
The layout of the upper end of the study area (Figure 4.1, insert) warrants explanation. The 
Sincil Dyke joins the main river downstream of Bardney Lock (Figure 4.1, insert ‘z’) which is a 
barrier to fish passage but allows boat navigation to Lincoln. Upstream from Bardney lock the 
‘old river’ loops round past the Barlings Eau confluence back towards the navigation channel, 
where the river flows from Lincoln entering the old river at an impassable weir (Figure 4.1, 
insert ‘w’). 
 
4.2.2  Sampling and tagging procedures 
Eighty-three adult common bream with a mean fork length of 485.6 mm (± SD 16.8; range 440-
522 mm) and a mean mass of 2.37 kg (± SD 0.25; range 1.92-2.94 kg), were caught from the 
study area in seven groups by electro-fishing (240 V, 4/5 A, pulsed DC), rod and line or seine 
netting. Details of the tagging and tracking are described in Chapter 3. Tributary receivers were 
positioned inside each channel to ensure detections on these receivers were from fish inside the 
tributary and not in the adjacent main river. The Sincil Dyke was monitored with more than one 
receiver (Figure 4.1, insert receivers ‘x’ and ‘y’). 
Independent range tests carried out in-situ showed V9 tags were detected up to ~200 m and 
V13 tags up to ~400 m in macrophytes and macroalgae free conditions (author’s observations). 
Receivers were visited on a regular basis (weekly during summer months) to remove 
macrophytes and macroalgae from the surrounding margins (~4 m²) so they were accessible to 
signals in the main river channel, which remained relatively weed free due to boat traffic. Data 
from the receivers were regularly downloaded onto a laptop computer using VR2PC and VUE 
software packages (Vemco, Nova Scotia, Canada). Occasionally receivers would record 
detections for tags that were not present. The reason for these false detections was not clear, but 
could result when tag signals clashed. False detections were more prevalent on receivers near 
underwater structures, such as bridge supports, and could possibly be caused by reflected signals 
and echoes. These obvious false detections were removed prior to analysis. 
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4.2.3  Environmental data 
Flows were gauged by flat V broad crest weir (< 2 m³s-1) and ultrasonics (> 2 m³s-1) on the 
Barlings Eau at Langworth bridge, ~6 km upstream of the study area which was used as a proxy 
for flow rate in the main river in the study area. River level was gauged by stilling well at 
Kirkstead Bridge, near the Timberland Delph confluence, approximately midpoint of the study 
area (Figure 4.2). Average daily air temperatures were from the weather archive recorded at 
RAF Coningsby, Lincolnshire. Water temperatures (°C) were measured at two points (Bardney 
Lock and Tattershall Bridge) in the main river from 20 February 2007 on an hourly basis with 
Aquatic and Aquatic 2 dataloggers (TinyTag, Gemini Data Loggers UK Ltd., Chichester, UK). 
 
 
Figure 4.2 Flow (m3 s -1; black line) gauged on the Barlings Eau at Langworth Bridge (~6 km 
upstream of the study area) and river level (m ODN; grey line) recorded at Kirkstead Bridge, 
near the Timberland Delph confluence (see Figure 4.1) approximate midpoint of study area. 
 
4.2.4  Data handling 
Allocation of a km value (measured using ArcMap v9.1 Geographic Information System, ESRI 
Ltd, Redlands, CA, USA) upstream of the tidal limits at Boston for each receiver allowed the 
movements for individual fish to be plotted. Tributary receivers were allocated the km value 
measured to the mouth of the tributary. ‘Monthly distance’ (km) was calculated as the 
cumulative distance moved between receivers by an individual fish during each calendar month 
and was used as a measure of activity.  
New receivers were added during the study and to overcome this inconsistent temporal 
receiver coverage, receivers were grouped into seven river ‘zones’ ~5 km in length (except zone 
seven which was ~10 km; Figure 4.1). Each zone had at least one receiver present throughout 
the whole study period. In order to provide a measure of the longitudinal use of the study area, 
‘Monthly longitudinal distribution’ was calculated as the number of detections per tagged fish, 
per zone, per month (corrected for the number of receivers per zone).  
 The study area consists of three distinct habitat types; the main river channel, the shallow 
tributaries and a deeper tributary, the Sincil Dyke. To analyse seasonal patterns in lateral habitat 
use the number of detections per fish, per month in each habitat type was compared. The 
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occupancy of the tributaries in relation to water temperature and flow, was analysed using daily 
detections per tagged fish, as opposed to monthly detections, in order to capture daily 
fluctuations in flow and temperature. When analysing Sincil Dyke occupancy and flow rate, 
only data from the single receiver positioned immediately inside this tributary (Figure 5.1, insert 
receiver ‘y’) were used. Air temperatures were used to analyse monthly trends, as this dataset 
was complete. Water temperatures were used to analyse daily tributary occupancy, because this 
dataset, although partially incomplete, offered greater representation of in-river conditions. 
Seasons were defined as follows; spring (March 21 – June 20), summer (June 21 – September 
20), autumn (September 21 – December 20) and winter (December 21 – March 20). 
 
4.2.5  Statistical analysis 
The effects of gender, month and temperature on ‘monthly distance’ were analysed with GLM 
ANOVA and Pearson correlation respectively. Data for ‘Monthly longitudinal distribution’ and 
occupation of the three different habitat types are counts and thus were analysed using a 
generalised linear model, with a Poisson error distribution and a log-link function (Crawley, 
2002). Maximal models were constructed with the significance of the independent variables 
assessed following stepwise deletion (starting with the higher order interaction terms) and 
changes in residual deviance assessed for significance using F-tests, which were used as the data 
were found to be over dispersed (Crawley, 2002). The same analysis was applied to the number 
of daily detections (also count data) in the tributaries in relation to the environmental variables 
of flow and temperature. Simple parametric analyses were performed using Minitab 15® 
(Minitab Inc., USA), whilst the generalized linear models were performed in S-plus (TIBCO 
Software Inc., California, USA). 
 
4.3  Results 
A dataset of over three million fish detections was collected. Individual fish were tracked from 
40-629 days (mean 266.0 ± SD 146.7). Some tagged fish left the study area, being last detected 
at possible exits from the study area. Not all fish returned to the study area. Data for those fish 
that did not return were included in the analysis up to the point at which they were last detected 
within the study area. 
 
4.3.1  Monthly distance and monthly longitudinal distribution 
The largest ‘monthly distance’ recorded by a single fish was 118.5 km, as it moved upstream and 
downstream during April 2007. Month had a significant effect on ‘monthly distance’, i.e. common 
bream activity (ANOVA; F1,41 = 6.42, P < 0.0001) with the tagged common bream moving 
relatively small distances during the cooler months of November through to March in comparison 
to the warmer months of April through to October (Figure 4.3 and 4.4). There was no effect of 
gender (F1,41 = 1.76, P  = 0.185) nor the interaction between month and gender (F1,41 = 0.67, P  = 
0.941) on ‘monthly distance’. Mean ‘monthly distance’ was positively correlated with mean 
monthly air temperature (Pearson correlation r = 0.698, df = 42, P < 0.001). 
98 
 
The ‘monthly longitudinal distribution’ varied over the course of the study (Figure 4.5) and 
the twelve month cycle (Figure 4.6). Log linear analysis of the number of detections per zone 
(corrected for the number of receivers present per zone) revealed a significant effect of zone (∆ 
deviance = 679695, df = 6, F = 96, P < 0.0001), month (∆ deviance = 71221, df = 11, F = 5.5, P 
< 0.0001) and the interaction between zone and month (∆ deviance = 203960, df = 66, F = 2.6, P 
< 0.0001). Thus, fish tended to occupy (or avoid) certain longitudinal zones over others and this 
pattern of longitudinal distribution varied according to month. For example fish were more likely 
to be detected in zone 1 during the cooler winter months (November through to March).The 
number of longitudinal zones occupied by the tagged fish increased during the spring and summer 
months which coincided with an increase in activity (as determined by mean ‘monthly distance’). 
 
 
Figure 4.3 Mean (± SE) ‘Monthly distance’ (km; grey columns) in relation to mean monthly 
air temperature (ºC; black line). Gap between July and September 2008 represents period of 
no tagged fish in the study. 
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Figure 4.4 Mean (± SE) ‘Monthly distance’ (km; grey columns) in relation to mean monthly 
air temperature (ºC; black line), averaged over the twelve month cycle. 
 
 
Figure 4.5 ‘Monthly longitudinal distribution’: zone 1 (upstream) to zone 7 (downstream). 
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Figure 4.6 ‘Monthly longitudinal distribution’ averaged over the twelve month cycle for each 
zone of the river: zone 1 (upstream) to zone 7 (downstream).  
 
4.3.2  Use of lateral habitats 
Month had a significant effect on the number of detections per fish in the shallow side 
tributaries (∆ deviance = 24703, df = 11, F = 94.6, P < 0.0001) and in the deeper Sincil Dyke (∆ 
deviance = 10410, df = 11, F = 39.8, P < 0.0001). The shallow tributaries were visited by the 
fish in the spring and apart from a few detections, the fish rarely ventured into the shallow 
tributaries outside of this time. By contrast, the deeper Sincil Dyke was used more frequently by 
the common bream during the winter months (Figure 4.7 and 4.8). 
Log-linear analysis revealed that the corrected number of daily detections in the shallow 
tributaries was not related to daily water temperature (∆ deviance = 79.1, df = 1, F = 1.55, P = 
0.2) nor the interaction between water temperature and flow (∆ deviance = 24.8, df = 1, F = 
0.47, P = 0.49), but was negatively related to flow (∆ deviance = 1604, df = 1, F = 31.2, P < 
0.0001). However, the non-significant effect of water temperature is not surprising given spring 
and autumn temperatures are roughly equivalent. Rather it appears that the common bream enter 
the shallow tributaries during the spring as water temperatures are increasing (Figure 4.9). To 
examine this relationship, the number of corrected detections per month were analysed in 
relation to the monthly change in water temperature and monthly flow rates. There was no 
significant interaction between monthly change in water temperature and monthly flow rate (∆ 
deviance = 19.9, df = 1, F = 1.6, P = 0.2). However, there was a significant positive relationship 
between corrected monthly detections in the shallow tributaries and change in water temperature 
(∆ deviance = 406, df = 1, F = 34.1, P < 0.0001) such that fish tended to move into shallow 
tributaries as water temperature increased (Figure 4.9). There was a negative relationship 
between monthly flow rate and the corrected number of fish detections (∆ deviance = 130, df = 
1, F = 10.9, P = 0.02). It is worth noting that the effect of flow is likely to be confounded by 
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seasonal differences in flow rate, as few fish enter the shallow side tributaries during the autumn 
and winter, when flow rates tend to be high. 
The occupancy of the deeper Sincil Dyke tributary appears to follow a different pattern. 
Log-linear analysis of data collected at the entrance to the Sincil Dyke tributary revealed a 
significant effect of water temperature on the corrected number of daily detections (∆ deviance 
= 4133, df = 1, F = 128.3, P < 0.0001), with more fish detections occurring at lower water 
temperatures. The analysis also revealed a significant positive relationship between occupancy 
of the entrance to the Sincil Dyke and flow rate (Figure 4.10, insert receiver ‘y’; ∆ deviance = 
257.0, df = 1, F = 8.04, P = 0.004), but no interaction between water temperature and flow rate 
on the corrected number of daily detections (∆ deviance = 57, df = 1, F = 1.78, P = 0.18). 
Examination of the corrected number of daily detections in relation to flow rate on a seasonal 
basis revealed the common bream to be more likely to be found in the slow-flowing Sincil Dyke 
during periods of high main-channel flow in the Autumn months only (∆ deviance = 1179, df = 
1, F = 40.9, P <0.0001), with no relationship being observed in the spring (∆ deviance = 27.6, df 
= 1, F = 0.73, P = 0.39), summer (∆ deviance = 76, df = 1, F = 2.79, P = 0.09) and winter (∆ 
deviance = 116, df = 1, F = 3.25, P = 0.07). 
Collectively, these data show that adult common bream used shallow tributary habitat during 
the spring as temperatures increased. By contrast, the deeper Sincil Dyke was used throughout 
the winter and during high main channel flows in the autumn. 
 
4.4 Discussion 
4.4.1 Monthly distance and monthly longitudinal distribution 
In general fish were more evenly distributed, occupying greater lengths of the river channel, in 
the spring and summer in comparison to the cooler autumn and winter months, during which the 
common bream were generally aggregated in one or two locations. Activity levels (monthly 
distance) peaked in the spring, with one individual moving nearly 120 km in a month. Baade & 
Fredrich (1998) also recorded a peak in activity in the spring when studying roach in the River 
Spree, Germany, and these observed seasonal patterns are typical of poikilotherms in temperate 
parts of the world. Part of these circannual patterns is likely to be related to reproductive 
activity, with fish entering the shallower tributaries primarily during the spring and early 
summer to spawn when water temperatures increase. Langford (1974, 1979, 1981) found that 
common bream in the River Witham moved from 400 m to 8 km over periods of 2-5 days. 
Whelan (1983) observed common bream in the River Suck, Ireland moving up to 56 km over a 
4 year period.  
Lucas and Baras (2001) suggest that common bream would tend to be more nomadic than 
rheophilic species, such as barbel, particularly in homogeneous river environments. The 
behaviour patterns observed during this study partly fit this description with some common 
bream covering considerable distances. However, others moved over relatively small distances; 
this variation in behaviour is consistent with Lyons and Lucas (2002). Langford (1974, 1979) 
tracked both indigenous and introduced common bream in both the River Witham and River 
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Thames, and observed considerable variation in the directions and distances moved by 
individual fish. The Witham fish appeared to be more mobile than the Thames fish, although 
this may have been an artefact of the size of the study area; 13.5 km on the Witham and 5 km on 
the Thames, as size of available environment can influence home range size (Woolnough et al., 
2009). 
Kell (1991) found aggregations of common bream in the Sixteen Foot Drain 
(Cambridgeshire, UK), which has a similar cross-sectional profile to the River Witham. Here, 
the tagged common bream were most frequently recorded in zones 1 and 5 (Figure. 4.1); sites 
where tributaries join the main channel. Confluences are known to be associated with the 
deposition of organic sediments (Carling, 1995), which harbour benthic food organisms (Rice et 
al., 2001; Sevendsen et al., 2009), preyed upon by common bream (Backiel & Zawisza, 1968), 
thus it is likely that the common bream congregate in these areas to forage (see also Lucas et al., 
1998a).  
The lower section of the study area (zones 6 and 7; ~15 km upstream of Boston) was 
infrequently utilised by the tagged fish and was only visited during the spring/summer. 
Hydroacoustic surveys carried out in 2006, 2007 and 2008, during April and October each year, 
revealed relatively low fish densities in this area (see Chapter 2). Due to the low lying nature of 
the study area, the lower river is often run-off to achieve water level differences further up the 
catchment that allow certain flood prone areas to be drained by manual penstock sluice. This 
lower section contains no tributary habitat, is particularly uniform and straight in nature and can 
experience high flows upto 160 m³s-1 (Environment Agency, 2008) during rainfall events. This 
makes this section of river particularly inhospitable to fish and any fish taking up residence in 
this lower section risk being flushed out to tidal waters (Linfield, 1985).  
The long-term analysis of ‘monthly distance’ and ‘monthly longitudinal distribution’ of 
common bream revealed seasonal patterns in their behaviour, with fish being more active during 
the relatively warmer months of the year and occupying a greater range of the available main-
channel habitat. In studying the movements of common bream over several years it has been 
possible to identify the use of three broad habitat types at different times of the year and in 
relation to different environmental conditions. During the summer, the common bream tended to 
occupy the main river channel, whilst in the cooler autumn months and especially when main 
channel flow rates are high, the common bream took refuge in the slower flowing, yet relatively 
deep Sincil Dyke tributary. As temperatures increased during the spring, the fish were more 
likely to be found in the shallow tributaries, using these as spawning habitat. 
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Figure 4.7 ‘Lateral habitat use’ mean proportion of total detections recorded in the shallow side-
channels (black), the deeper Sincil Dyke (light grey) and the main river channel (dark grey). 
 
 
Figure 4.8 ‘Lateral habitat use’ mean proportion of total detections recorded in the shallow side-
channels (black), the deeper Sincil Dyke (grey) and the main river channel (dark grey) averaged over 
the twelve month cycle. 
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4.4.2 Use of lateral habitats 
Heavy modification of the River Witham’s channel has reduced longitudinal and especially 
lateral connectivity making the available tributaries the only off-line habitat available to the fish 
population. Lateral habitats are often essential to the life cycle of riverine fish populations, 
providing spawning and nursery habitat (Staas & Neumann, 1994; Grift et al., 2001; Pollux et 
al., 2006; Nunn et al., 2010), shallow, warm water for enhanced growth (see Garner et al., 
1998), refuge during flood events (Copp, 1997; Pinder, 1997; Nunn et al., 2010), foraging sites 
(Nunn et al., 2007) and overwintering habitats (Borcherding et al., 2002; Nunn et al., 2010). 
During May 2008 pre-spawning behaviour by male fish was observed (Giles, 1994; Figure 4.11) 
in which aggressive guarding of marginal territories (Figure 4.12) and spawning were observed 
in the shallow tributaries (author’s observation). Successful spawning was confirmed by the 
presence of common bream larvae in subsequent days. Common bream are known to spawn on 
macrophyte substrates in areas of low current velocity (Pinder, 1997) and marginal reedbeds 
(Giles, 1994). Both are habitat features of the shallow tributaries joining the lower River 
Witham but are lacking in the canalised main channel, with its steep, stony embankments, 
regulated flow dynamics and reduced hydrological connectivity to the floodplain. Such 
modification appears to be characteristic of many large European rivers and tributaries are likely 
to be particularly important for the recruitment of fish (Pollux et al., 2006). Where rivers are 
allowed to meander, common bream have been shown to spawn in the slack-water of oxbows 
(Molls, 1999; Borcherding et al., 2002). Thus, in the absence of natural meanders, shallow 
tributaries with low current velocities are likely to be important spawning habitats, functionally 
similar to lentic floodplain waterbodies of natural riverine ecosystems. 
 
 
Figure 4.11 Pre-spawning behaviour, males guarding marginal territories, observed in Nocton 
Delph May 2007 (authors own photo). 
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Figure 4.12 Aggressive interaction between two males occupying adjacent marginal territories, 
Nocton Delph May 2008 (authors own photo). 
 
The entrance to the Sincil Dyke was used more heavily used during times of high flow 
especially during the autumn, when water temperatures were falling. Under such conditions, fish 
metabolism will be low (Wieser, 1991) and common bream may find it physically challenging 
to maintain their position during high flow conditions. Stream dwelling giant kokopu Galaxias 
argenteus (G.) in New Zealand have been shown to utilise low-velocity habitat during periods 
of high main channel flow (Bruno & Gerard, 2002), whilst adult chub have been observed to 
move into backwaters during peak flows in the French Upper Rhône (Allouche et al., 1999).  
Drainage ditches of floodplain lakes in the lower Rhine, Germany, were used for over-
wintering by aggregations of fishes, including common bream, when water temperatures 
dropped below 10°C (Borcherding et al., 2002) and radio tracked roach were found more often 
in the oxbows of the River Spree during the colder winter months (Baade & Fredrich, 1998). 
Similarly here, receivers positioned further inside the Sincil Dyke revealed this as a significant 
over-wintering area away from the main channel. 
During the spring and summer months, adult common bream travelled on average 20-30 km 
per month, with one individual travelling just under 120 km in a month (April). During three of 
the four years of study activity peaked in April. This peak corresponded with an increase in the 
longitudinal habitat distribution and movements into the shallow tributary habitats. Baade & 
Fredrich (1998) reported a similar spring peak in the activity of roach in the River Spree, 
Germany. In 2007 and 2009 a second summertime peak in activity occurred later in the summer, 
this is likely to be temperature driven, the midsummer drop in activity is possibly linked to the 
cessation of spawning activities with associated energetic costs (Wieser, 1991). The study area 
here is atypical of many heavily modified lowland rivers, offering a long 40+ km reach without 
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barriers to fish passage. The findings of this study demonstrate the potential common bream 
have for moving over large distances in relatively short periods of time, illustrating the 
implications of reduced hydrological connectivity that leads to habitat fragmentation in 
modified rivers. Common bream are described by Backiel & Zawisza (1968) as ‘semi-
migratory’ (when occupying unmodified habitats) making long migrations in the spring and 
autumn from the Black, Caspian and Azov seas of up to 100 km from brackish feeding areas in 
the lower reaches and deltas of large rivers. Langford (1974, 1979, 1981) used telemetry to 
observe common bream in a discreet 13.5 km reach of the River Witham (between Lincoln and 
Bardney Lock, upstream of the area of study here) and found that they moved 400 m to 8 km 
over periods of 2-5 days, whilst Whelan (1983) found common bream in the relatively 
unmodified River Suck, Ireland, to move up to 56 km during a five year mark-release-recapture 
study, but the timescales for such movements are unclear. 
During the first half of this study fish were sampled by a variety of methods which had the 
possibility of introducing bias, as they may be more or less selective against certain behavioural 
types e.g. rod and line may select for bolder fish than electro-fishing. However, the broad trends 
in fish activity and habitat use observed in Figure 4.3 to 4.9 are consistent across 43 months of 
study, thus the results are unlikely to be an artefact of the different sampling techniques. Fish 
were sampled from just the main river channel in the first two years of the study and from just 
inside tributaries during the third year, although this does not seem to have influenced the 
consistent trends in the results. The tags used at the start and end of the study had different 
detection ranges, although given the relatively coarse resolution of the tracking, with fixed 
receivers positioned ~2-3 km apart; it is not thought that this influenced the patterns observed. 
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Chapter 5  Seasonal water level manipulation for flood risk management influences home-
range size. 
 
5.1  Introduction 
The increased threat of flooding as a result of climate change via its effects on the level 
(Groisman et al., 1999 & 2005) and intensity (Huntington, 2006) of rainfall requires those 
authorities responsible for alleviating flood risk to increase the management and modification of 
rivers (Wilby et al., 2008). Riverine ecosystems drain water falling on the earth’s surface and 
conduct it to the sea (Welcomme, 1994). These systems are amongst the most human-degraded 
ecosystems worldwide (Malmquist & Rundle, 2002; Huckstorf et al., 2008) with biodiversity 
threatened by water extraction, flow regulation, channelisation and habitat degradation 
(Welcomme, 1994; Pinder, 1997; Huckstorf et al., 2008). Although large lowland rivers support 
a significant proportion of the world’s fish diversity (Huckstorf et al., 2008) the majority of 
these environments, especially in Europe, have been modified through direct interventions that 
alter river morphology and reduce longitudinal and lateral connectivity (Welcomme, 1994; 
Cowx & Welcomme, 1998).  
European lowland rivers have been particularly susceptible to modification due to their 
locality to sea ports, which leads to increased industrialisation, whilst fertile floodplains have 
been converted to agricultural land (Huckstorf et al., 2008) via increased drainage and land 
clearance, with associated effects on habitat quality. Lowland rivers are also impacted by 
actions upstream; silt, pollutants and nutrients introduced or disturbed in the upper reaches are 
transported and can accumulate in the lower reaches (Welcomme, 1994). Run-off from 
agricultural land and sewage discharges have enriched lowland rivers leading to elevated levels 
of nitrogen and phosphorus (e.g. Pinder et al., 1997) leading to eutrophication (Edmondson, 
1991; O'Sullivan, 1995). The majority of large lowland rivers in Europe are managed with 
respect to navigation, power generation, water storage, development, flood risk management 
and abstraction all of which have the potential to impact on fish populations (see Mann, 1988; 
Junk et al., 1989; Welcomme, 1994; Copp, 1997; Hadderingh & Bakker, 1998; 
Turnpenny,1998; Buijse et al., 2002; Huckstorf et al., 2008) with many lowland rivers in 
Europe subject to flow and water level regulation (Buijse et al., 2002). The River Witham in 
Lincolnshire is one such river, which has its levels altered twice yearly as part of a flood risk 
management strategy. Other rivers in Eastern England that are manipulated in a similar manner 
include the South Forty Foot drain, the Boston drains network, lower Hobhole drain, River 
Ancholme and River Welland. Rivers in South West England on the Somerset levels, such as 
the Huntspill River (see Langler & Smith, 2001) also have their water levels managed on a 
seasonal basis. 
The effects of river management on fish populations centre around the impacts brought 
about by changes in river morphology, such as the lack of functional floodplains and associated 
lateral habitats that are required by fish to complete important stages in their life-cycles (Pinder, 
1997). However, less emphasis has been placed on day-to-day or seasonal management 
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activities, such as the artificial manipulation of river levels. For example, weed cutting to reduce 
flood risk through improved conveyance, can reduce the density of zooplankton and spawning 
and nursery habitats (Mann, 1988) which can negatively impact fish growth and abundances 
(Garner et al., 1996). However, there is a general paucity of evidence relating to the impact of 
routine river management actions on fish behaviour and ecology. 
Home-range size (HRS) is used to describe and quantify the spatial behaviour of freshwater 
fish (see reviews by Northcote, 1978; Lucas & Baras, 2001). Hayne (1949) described the home-
range as ‘the area over which an animal normally travels’ and this was first applied to fish by 
Gerking (1950, 1953, 1959) following mark, release and recapture experiments. Linfield (1985) 
proposed that cyprinid communities are totally mobile, with their movements predominantly 
influenced by environmental conditions. However, site fidelity and home-ranges have been 
observed in many fishes including cyprinids (Lucas & Baras, 2001) for example; nase (Huber & 
Kirchhofer, 1998), dace (Clough & Ladle, 1997; Clough & Beaumont, 1998), roach (Baade & 
Fredrich, 1998), chub (Allouche et al., 1999; Fredrich et al., 2003), common bream (Lyons & 
Lucas, 2002), pike (Knight et al., 2008 ; Knight et al., 2009) and barbel (Baras & Cherry, 1990; 
Lucas & Batley, 1996). Seasonal differences in HRS have been observed (e.g. Huber & 
Kirchhofer 1998; Allouche et al.,1999; Knight et al., 2009) and other environmental factors, 
such as turbidity (e.g. Kuliskova et al., 2009) and available habitat (Woolnough et al., 2009) are 
also know to influence HRS. 
The home-range concept has been applied to the ecological impact of habitat management 
(Kavanagh et al., 2007; Knight et al., 2009), including river corridor fragmentation (Woolnough 
et al., 2009) on populations. Here, the home-range concept is used to study the impact of water 
level management on the behaviour of common bream in the lowland River Witham. The need 
for increased in-river flood storage capacity dictates that the level of the river is artificially 
dropped by 0.5 m in the autumn and raised again in the spring. The effect of this manipulation 
on common bream was assessed via an acoustic telemetry study that covered four episodes of 
artificial water level elevation and three episodes of artificial water level reduction.  To my 
knowledge this is the first in-situ study of this type. 
 
5.2  Materials and methods 
5.2.1  Study area 
The lower River Witham is described in sections 2.2.1, 2.2.9, 3.2.1 & 4.2.1. River levels are 
artificially lowered during the winter months to increase the river’s flood storage capacity. 
During April to October the normal river level is maintained at approximately 1.5 m above 
Ordinance Datum Newlyn (ODN), and from November to March the level is reduced to and 
maintained at 1 m above ODN, during dry conditions. These manipulations are effected on the 
1st April for spring manipulations, from winter level (1 m ODN) to summer level (1.5 m ODN), 
and on the 1st November for autumn manipulations, from summer level (1.5 m ODN) to winter 
level (1 m ODN). The timing of these transitions from one stable water level to another is 
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dependent on rainfall events and river flows, and as such this change is rarely achieved within 
24 hours.  
 
5.2.2 Sampling and tagging procedures 
Eighty-three adult common bream were tracked with acoustic telemetry, see above.  River levels 
were gauged by stilling well at Kirkstead bridge (53°8'35"N; 0°14'36"W), approximately 
midpoint of the study area, by The Environment Agency hydrometry and telemetry systems.  
 
5.2.3  Data handling and statistical analysis 
The calculation of HRS from fixed receiver data followed the approach of Crook (2004). Total 
linear ranges were estimated by manually determining the distance along the river channel 
between the outermost locations coordinates for each individual fish (Young, 1999; Ovidio et 
al., 2000) to give the 100% HRS. In addition, 90% HRS which is suggested to provide a better 
indication of the core habitat size regularly used by each fish as rare excursive movements are 
excluded (Hodder et al., 1998; Knight et al., 2008) were estimated for each fish by calculating 
the minimum linear distance containing 90% of the observed locations of each individual fish 
(Crook, 2004). The spacing of acoustic receivers can also affect the spatial resolution of data. As 
receivers were spaced by 2-3 km, the spatial resolution might be compromised as some fish 
might travel past a receiver (and be detected), but not sufficiently far up- or downstream to be 
detected by the next receiver. Others may also venture beyond the outermost receivers. 
However, temporal resolution will be complete as receivers operate continuously. HRS was 
calculated on seasonal and monthly basis and for ten day periods before and after water level 
manipulations (see below). Only fish that had 100 or more locations (detections) in the sampling 
period (e.g. season, month, ten day pre- and post-level manipulations) were included in the 
analysis. Where data were combined on a seasonal basis, seasons were defined as follows; 
spring (March 21 – June 20), summer (June 21 – September 20), autumn (September 21 – 
December 20) and winter (December 21 – March 20). 
To investigate the effects of water level manipulations on fish behaviour, HRSs were 
calculated for individual fish during a ten day period pre- and post-artificial water level 
manipulations. To assess if fish activity levels differed during these same ten day periods, total 
distance moved, calculated as the cumulative distance moved between receivers by an 
individual fish was determined. Seven water level manipulations occurred during the study, four 
elevations and three reductions. Manipulation from one stable water level to the resultant stable 
level often took a number of days (e.g. autumn 2007 took 5 days and spring 2008 took 18 days 
due to a rainfall event, Figure 5.1.). In these cases ten day sampling periods were selected as 
near to the point of level change as possible to capture periods of stable water level pre- and 
post-level manipulation (i.e. excluding the period of transition, Figure 5.1.).  
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Figure 5.1Water level (metres above Ordinance Datum Newlyn, m ODN) recorded at Kirkstead 
Bridge (midpoint of study area) during two of the seven artificial water level manipulations, 
illustrating the periods of flux in levels when changes are made and the selection of ten day 
sampling periods pre- and post-level manipulations. A; level manipulation in autumn 2007 
(summer level to winter level), 5 days between sampling periods due to level flux, (i) = ten day 
sampling period pre-manipulation and (ii) = ten day sampling period post-manipulation. B; level 
manipulation in spring 2008 (winter level to summer level), 18 days between sampling periods 
due rainfall events, (iii) = ten day sampling period pre-manipulation and (iv) = ten day sampling 
period post-manipulation.  Shaded areas represent periods of transition. 
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During three water level change events significant rainfall obscured changes, thus transition 
periods of 18, 24 and 8 days respectively were imposed (Table 5.1). The number of tagged fish 
experiencing the spring manipulations was greater than those experiencing the autumn 
manipulations, as firstly there were more spring events during the study and secondly because 
fish were tagged during the winter season and tags had a limited life, therefore many tags had 
expired or fish had left the study area by the time autumn manipulations occurred. Details of the 
numbers of fish used to generate HRS calculations and the number of days between ten day 
home-range calculation periods are given in Table 5.1.  
Differences in HRS between all seasons and months, and gender differences were analysed 
with GLM ANOVA with post-hoc Tukey tests used to identify differences between seasons. 
Differences between adjacent months were analysed with two sample t-tests (significance level 
of 0.004 following Bonferroni correction) as datasets were made up from months in different 
years during the study when different fish were being tracked. Differences between the home-
ranges and total recorded distance moved in ten day periods before and after artificial water 
level changes were possible using data from the same individual fish tracked pre- and post-level 
manipulations and were therefore analysed with paired t-tests (significance level of 0.008 
following Bonferroni correction). For these analyses using paired data individual fish that were 
tracked during spring and autumn level manipulations in different years were identified and an 
average of results for each individual was used to avoid pseudo-replication. This reduced the 
sample size at spring manipulations from 60 to 56 and during autumn manipulations from 26 to 
24. The relationship between mean monthly HRS and mean ‘monthly distance’ moved (see 
Chapter 4) was analysed with Pearson’s correlation. All means are given ± one standard error. 
 
Table 5.1 The number of individual fish and the number of days between ten day home-range 
calculation periods used to determine the effects of seven independent artificial water level 
manipulations. 
Level 
manipulation 
Number of fish used in 
ten day home-range 
calculations 
Number of days 
between ten day 
home-range 
calculation periods 
Reason for gap 
between ten day 
sampling periods 
Spring 2007 3 7 Natural run off 
Autumn 2007 10 5 Natural run off 
Spring 2008 19 18 Rainfall 
Autumn 2008 12 24 Rainfall 
Spring 2009 33 0 - 
Autumn 2009 4 8 Rainfall 
Spring 2010 5 0 - 
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5.3  Results 
 A two-way ANOVA on square root transformed data (to normalise the data) with season and 
gender as fixed factors  revealed a significant effect of season on both the 100% HRS (GLM 
ANOVA, F3,307 = 18.00, P < 0.0001) and 90% HRS (GLM ANOVA, F3,307 = 10.74, P < 0.0001) 
with fish tending to have smaller HRSs in the autumn and winter months (Figure 5.2). A post-
hoc Tukey test (P < 0.05) revealed spring and summer home-ranges to be equivalent as were 
autumn and winter home-ranges, for both 100% and 90% estimations. Male fish had marginally 
larger 100% seasonal HRSs than females (mean HRS male = 10.59 ± 0.65, female = 8.91 ± 
0.72; F1,307 = 5.10, p = 0.024) although this was marginally non-significant when 90% HRSs 
were analysed (mean HRS male = 6.51 ± 0.50, female = 5.49 ± 0.54; F1,307 = 3.13, P  = 0.078). 
There was no interaction between month and sex for either the 100% or 90% HRSs (F3,304 = 
0.39, p = 0.76 and F3,304 = 0.18, P  = 0.93, respectively). A similar analysis of monthly HRS 
(square root transformed) data revealed both 100% and 90% HRS to vary with month (GLM 
ANOVA, F11,682 = 17.08, P  < 0.0001 and F11,682 = 11.09, P  < 0.0001 respectively; Figure 5.3), 
with HRS consistently larger from April through to October than during the winter months. 
There was a significant effect of gender on both the 100% monthly HRS (male = 6.67 ± 0.32, 
female = 5.87 ± 0.37, F1,682 = 7.04, P  = 0.008) and the 90% monthly HRS (male = 4.38 ± 0.26, 
female = 3.58 ± 0.27, F1,682 = 6.44, P  = 0.01) but no interactions between month and sex for 
either HRS estimate (F11,671 = 0.51, P  = 0.89 and F11,671 = 1.07, P  = 0.38 respectively). Monthly 
HRS and ‘Monthly distance’ (common bream activity; see Chapter 4) were found to correlate 
for both 90% (Pearson correlation, r = 0.611, df = 695, P < 0.0001) and 100% (Pearson 
correlation, r = 0.693, df = 695, P < 0.0001), in effect fish had larger HRSs when activity levels 
were high. 
 
5.3.1  Effect of artificial water level manipulations 
During spring manipulations (winter level increased to summer level) both 100% and 90% ten 
day home-ranges for individual fish increased significantly (paired t-test, t = 5.45, P < 0.0001; t 
= 4.93, P < 0.0001, df = 55, respectively); with home-ranges being significantly larger 
following the artificial increase in water levels. During autumn manipulations (summer level 
decreased to winter level); 100% and 90% ten day home-ranges for individual fish decreased 
significantly (Figure 5.4.; paired t-test, t = 5.00, P < 0.0001; t = 3.85, P = 0.001, df = 23 
respectively). 
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Figure 5.2 Mean seasonal 100 % (dark grey) and 90% (light grey) home-ranges (±SE) for 
common bream in spring (n=92), summer (n=32), autumn (n=86) and winter (n=98). Common 
lettering indicate statistical equivalence following post-hoc Tukey test (P < 0.05).   
 
 
Figure 5.3 Mean 90% home-ranges (±SE) for common bream in January (n=75), February 
(n=79), March (n=98), April (n=89), May (n=83), June (n=47), July (n=29), August (n=21), 
September (n=19), October (n=44), November (n=40), December (n=72). Months during winter 
level retention period are coloured light grey and months during summer level retention period 
are dark grey. Common lettering indicate statistical difference following two sample t-test 
(significance at < 0.004 following Bonferroni correction) of adjacent month pairings around 
artificial water level manipulations (Table 5.2). 
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These ten day differences were also reflected in monthly differences (Table 5.2). Thus, 
between March and April, when water levels were increased, HRS increased significantly and 
between October and November when levels decreased, HRS decreased signifcantly. The 
increase and decrease in HRS following water level manipulation could reflect seasonal patterns 
in common bream activity. For example, Figure 5.3 shows that between February and April 
HRS increased (presumably due to increased common bream activity; see Chapter 4) and 
between October and December HRS decreased. Thus, it is possible the differences in HRS 
detected either side of the water level manipulations might be compounded by seasonal patterns 
of behaviour. To explore this, HRS in adjacent months prior to and post-water level 
manipulation were also compared (Table 5.2). For spring level manipulations there was a 
significant increase in HRS between February and March but not between April and May (Table 
5.2). Also, in the autumn, when water levels were reduced, there was a significant decrease in 
HRS between October and November. No such decrease in HRS was detected between the 
months preceding this, September and October, nor the months following, November to 
December.  
During spring manipulations (winter level to summer level) the total recorded distance 
moved by individual fish during the ten days pre- and post-artificial water level manipulations 
was marginally non-significant (paired t-test, t = 1.97, df = 55, P = 0.054), whilst the total 
recorded distance moved pre- and post-autumn manipulation (summer level to winter level) 
were statistically equivalent (paired t-test, t = -0.09, df = 23, P = 0.929; Figure 5.5). Thus, 
changes in water level significantly affected HRSs, but did not statistically affect activity. 
 
 
Figure 5.4 Mean100% (solid symbols, solid line) and 90% (open symbols, broken line) home-
ranges (±SE) for individual common bream tracked during the ten days pre- and post-artificial 
water level manipulations. Level manipulations occurred bi-annually in spring (n=56; winter 
level to summer level) and autumn (n=24; summer level to winter level). 
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Table 5.2 Two sample t-test results for adjacent month pairings around artificial water level 
manipulations. Levels are manipulated biannually in spring (1st April) and autumn (1st 
November). Asterisks denote significance at < 0.004 following Bonferroni correction. 
Home range 
estimate 
Spring water level manipulation Autumn water level manipulation 
February – 
March 
March – April April – May 
September  
– October 
October  – 
November 
November  
– December 
100% 
Mean 
home 
ranges 
Feb = 2.55 
Mar = 5.32 
Mar = 5.32 
Apr = 9.55 
Apr = 9.55 
May = 9.55 
Sept = 10.26 
Oct = 10.41 
Oct = 10.41 
Nov = 3.74 
Nov = 3.74 
Dec = 3.10 
t-test 
results 
t = -3.28, 
df = 162, 
P  = 0.001* 
t = 4.00, 
df = 172, 
P  < 0.0001* 
t = 1.70, 
df = 164, 
P = 0.091 
t = 0.11, 
df = 47, 
P = 0.914 
t = 6.11, 
df = 71, 
P < 0.0001* 
t = 0.90, 
df = 79, 
P = 0.373 
90% 
Mean 
home 
ranges 
Feb = 1.17 
Mar  = 3.75 
Mar = 3.75 
Apr = 6.07 
Apr = 6.07 
May = 5.10 
Sept = 6.54 
Oct = 6.60 
Oct = 6.60 
Nov = 2.71 
Nov = 2.71 
Dec = 1.82 
t-test 
results 
t = -3.95, 
df = 134, 
P < 0.0001* 
t = 4.00, 
df = 172, 
P < 0.0001* 
t = 1.10, 
df = 167, 
P = 0.271 
t = 0.05 , 
df = 50, 
P = 0.960 
t = 3.94, 
df = 71, 
P < 0.0001* 
t = 1.49, 
df = 74, 
P = 0.140 
 
 
 
 
Figure 5.5 Mean total recorded distance moved (±SE) for individual common bream tracked 
during the ten days pre- and post-artificial water level manipulations. Level manipulations 
occurred bi-annually in spring (n=56; winter level to summer level) and autumn (n=24; summer 
level to winter level). 
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5.4  Discussion 
5.4.1  Home-range size 
The spatio-temporal scales at which fish utilise their habitats are of importance for meeting their 
resource requirements, in terms of both habitat and foraging and consequently are important to 
individual and population fitness (Hansen & Closs, 2005). Habitat quality will influence day-
day and seasonal home range sizes as fish require certain habitat types on both of these scales. 
Bruylants et al. (1986) individually marked and recaptured perch from the Kleine Nete, 
Belgium, in two distinct habitat types; homogeneous sections with regard to depth, bottom type 
and current speed; and heterogeneous sections with a riffle pool sequence. Perch in the 
homogeneous sections were mobile, while fish in the heterogeneous sections were more likely 
to occupy restricted home ranges. A tendency was also observed for older larger perch to 
occupy home ranges as opposed to smaller younger fish which were more mobile. Prey 
abundance / availability will also influence home range size. Letourneur (2000) demonstrated 
that the foraging area and territory size of benthic feeding damselfish Stegastes nigricans (Lac.) 
were smaller when food supplies were high in summer, but increased in the winter when food 
supplies were lower.  
HRSs varied with season being larger during the spring and summer months in comparison 
to the autumn and winter. Mean monthly home-range estimates also correlated with mean 
‘monthly distance’ moved, as a measure of fish activity (see Chapter 4) indicating that during 
the warmer summer months when common bream were more active they also occupied larger 
home-ranges. This is consistent with other studies of cyprinids in temperate riverine ecosystems. 
Allouche et al., (1999) radio tracked eight chub with activity sensitive tags, six in the summer 
and two in the winter, in the French River Rhône, and found fish to use smaller home-ranges, be 
less mobile and less active during winter. Kuliskova et al. (2009) also used radio telemetry to 
track seventeen ide for one year in the River Elbe, Czech Republic, and found home-ranges to 
be equivalent in spring, summer and autumn but significantly lower during the winter. Huber & 
Kirchhofer (1998) reported smaller HRSs in autumn and winter after radio tracking 21 nase in 
the River Aare, Switzerland, for between 15-448 days. These activity patterns are most likely 
the result of reduced metabolism by poikilothermic animals during the winter (Wieser, 1991; 
Huber & Kirchhofer, 1998). However, in the present study water level manipulations were also 
shown to influence HRS, confounding the observed seasonal effects.  
The HRSs observed here were larger than those reported elsewhere for common bream. The 
100% HRS over the duration of the study of nine common bream implanted with acoustic 
transmitters was reported as 0.35 to 5.4 km over a 55 day summer study on a 7.6 km stretch of 
the River Trent, UK (Lyons & Lucas, 2002). However, their study area was bounded by 
physical barriers, limiting the maximum home-range possible (see also Woolnough et al., 2009). 
The duration of study may also result in differences in HRS; the longer the study, the further 
fish are likely to travel. Langford (1981) used acoustic telemetry to manually track both 
introduced and indigenous common bream in a 5 km heterogeneous reach of the River Thames 
and a 13.5 km homogeneous reach of the lower River Witham (upstream of the study area here), 
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UK. In the River Witham 100% HRS over the duration of the study varied from 3.5 km to 11.7 
km, with mean home-ranges of 8.6 km and 8.8 km for introduced and indigenous common 
bream respectively. In the River Thames home-ranges were smaller, averaging 2.33 km, 
reflecting the smaller study area, although the Witham common bream used an average of 65% 
of the available reach length, while in the Thames common bream used only 46%, possibly 
reflecting differences in the quality of the two habitats.    
The data also suggest a significant effect of gender on HRS with males tending to have 
larger home ranges than females. This is the first study to my knowledge which demonstrates a 
gender differences in the HRS of fish; difficulties in external (non-destructive) sex 
determination of most fish species have limited the study of gender differences in HRS (e.g. 
Gilroy et al., 2010). Where gender has been determined, HRS has seldom been the focus of the 
study. However, Knight et al. (2008) found no significant difference between male and female 
pike for either seasonal HRS or mean annual excursion distance (excursions were defined as any 
significant movement outside the individual’s home range), although samples sizes were low. 
This reveals another problem in studying gender differences in HRS of fish, that of sample size. 
Most telemetry studies tag and track relatively few individuals, therefore sample sizes are 
further reduced when splitting data by gender. For example, Lyons & Lucas (2002) tracked nine 
common bream in the River Trent, England, but only one of these fish was male, hindering 
efforts at making gender based comparisons. Lucas & Batley (1996) were able to determine the 
gender of radio tracked barbel (River Nidd, England) during the tagging procedure; a dental 
mirror was used to examine the gonads through the incision made for tag insertion. No gender 
differences in activity levels were observed, but some behavioural differences were observed, 
males tended to linger in the vicinity of spawning sites after upstream spawning migrations, 
whereas females soon return downstream once spawning was complete.  
 
5.4.2  Effects of artificial water level management 
Water level affected HRS; when levels were reduced in the autumn HRS decreased, whilst in 
the spring when levels were increased HRS increased. Water level manipulations occurred 
during the spring and autumn seasons when fish metabolism is increasing and decreasing 
respectively (Wieser, 1991). Thus, changes in HRS could reflect seasonal differences in 
common bream activity and not necessarily represent a consequence of changes in water level. 
However, water levels changed over a relatively short period of time so the differences observed 
are unlikely to be related to seasonal changes in photoperiod or temperature. Activity levels of 
common bream pre- and post-water level manipulations measured as total recorded distance 
moved were statistically equivalent, although this was marginal in the spring which may reflect 
an increase in common bream activity in April (see Chapter 4). This suggests the differences in 
HRS pre- and post-water level manipulation were not an artefact of differences in activity, 
although with this protocol of extensive observations during periods of environmental change it 
is possible that differences in HRS could reflect seasonal changes in biotic factors such as prey 
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availability. Thus, to ascertain cause and effect of water level manipulation on HRS requires 
experimental manipulation of water levels throughout the year.   
Although the impacts of river channel modification are well documented (see Gregory, 
2006), this is the first account of a flood risk management practice to affect fish behaviour. 
However, changes in behaviour do not necessarily equate to a negative impact on fitness, 
although reduced HRS does have implications for habitat availability and the number of 
competitive, predatory and parasitic interactions encountered (Woolnough et al., 2009). 
Woolnough et al. (2009) performed a meta-analysis of 71 studies from 66 species of fish from 
around the world, showing that home-range estimates increased with body size and available 
water environment size. Water level manipulation of the River Witham reduced the volume of 
the water body; river width is reduced by ~10 m (~25%) and depth by 0.5 m, equating to ~12% 
reduction at the downstream limit of the study area and ~25% reduction at the upstream limit. 
Our study lends support to the notion that HRS is constrained by the extent of the available 
habitat (Woolnough et al., 2009). However, within our study the length of the linear habitat 
remained unchanged, thus differences in HRS appear to arise as a result of volumetric changes 
in the amount of habitat. 
Habitat availability and foraging opportunities are likely to be the most important 
implications of the behavioural changes brought about by these water level manipulations. Also, 
winter water levels restrict the availability of lateral habitat, as some tributaries are too shallow 
at winter levels to be accessible by common bream and other fishes, thus reducing the quantity 
of habitat available for refuge and over-wintering. 
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Chapter 6  Social Networks 
 
6.1  Introduction 
Animals exist in populations and while members of a population may all appear to be similar, 
genetic and phenotypic differences exist that isolate them as individuals. These genetic, 
phenotypic and genotype-by-phenotype interactions can produce consistency in behavioural 
style. Behavioural style may be considered the animal’s personality, although definition of 
personality, as related to animals, is problematic because of its anthropomorphic nature. Thus, 
some authors prefer temperament and/or behavioural syndrome (Gosling, 2008). Five main 
aspects of animal personality have been identified as behavioural syndromes in fishes 
(personality and behavioural syndrome are used interchangeably and appear to be the same 
thing); these are shyness-boldness, exploration-avoidance, activity, aggressiveness and sociality 
(Conrad et al., 2011). Boldness is a measure of an individual’s reaction to perceived danger and 
has been measured in many ways, such as the latency to approach a novel object (Frost et al., 
2007) or the time taken to resume feeding following disturbance (Pike et al., 2008). Boldness 
may reflect an individual’s risk taking behaviour such as foraging under the threat of predation. 
Shyness-boldness is likely to represent a continuum rather than a simple dichotomy and an 
individual’s boldness may be plastic, changing in relation to the boldness of other fish that it 
associates with (Magnhagen & Saffan, 2005). Exploration-avoidance behaviours relate to an 
individual’s willingness to investigate novel environments, food items or objects (Conrad et al., 
2011), whilst activity relates to the amount of movement measured in a safe and familiar 
environment and may depend on dominance rank and feeding strategy (Conrad et al., 2011). 
Aggression occurs in contexts ranging from competition to territory defence and is likely to be 
plastic, being affected by various factors such as season and also the costs/benefits of being 
territorial which could change in relation to population density (Conrad et al., 2011). Finally 
sociality is measured by quantifying an individual’s response to conspecifics or their cues, with 
asocial individuals demonstrating avoidance and social individuals displaying an attraction to 
conspecifics (Reale et al., 2007; Conrad et al., 2011). 
Analysis of when and how often individuals within a population interact with one another 
provides a method to study the social organisation of animals (Krause et al., 2009; Makagon et 
al., 2012) with the potential to reveal ecologically significant aspects that would otherwise have 
remained hidden. Network analysis and social network theory offer valuable insights into how 
members of a population interact and how this may impact on fitness (Krause et al., 2009; Sih et 
al., 2009). For example, Canon Jones et al. (2010) used network analysis to study aggressive 
interactions and associated fin damage of farmed Atlantic salmon parr in a hatchery 
environment. Higher and more intense aggressiveinteractions were observed in fish restricted of 
feed and fish initiating aggressive interactions had less fin damage, gained more weight and 
attained more central positions within schools, whilst fish receiving aggression had more fin 
damage and gained less weight. In most populations of animals, individuals interact 
preferentially with some other individuals and rarely interact with others. Thus, social 
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interactions can be highly structured reflecting differences between individuals in their social 
behaviour and thus the degree to which individuals are central or on the periphery of the 
population network, and the formation of substructures within the network (Krause & Ruxton, 
2002; Krause et al., 2007; Croft et al., 2008; Krause et al., 2009; Makagon et al., 2012). Social 
network structure can be governed by the age and gender of animals (Lusseau & Newman, 
2004) and how the different genders within a population interact can have reproductive 
implications. For example, males may interact to establish dominance relations which later 
govern access to females during the breeding season, thus male-male interactions may govern 
male-female interactions (Sih et al., 2009). Similarly males may interact to establish breeding 
territories which once established attract breeding females. 
While some animal behaviours are innate, some are learnt. Those behaviours which are more 
habitat/location specific are more likely to be the ones that have to be learned, either by an 
individual (e.g. trial and error) or learnt from another con-specific. With regard to the latter, 
social interactions represent an important pathway for such information exchange, which can 
impact on mate choice, alternative mating tactics, competition, cooperation, reciprocal altruism, 
dominance hierarchies, disease / parasite transmission and cooperative anti-predator behaviour 
(Croft et al., 2004; Sih et al., 2009). Long lived animals such as gorillas Gorilla gorilla (S.), red 
deer Cervus elaphus (L.), elephants Loxodonta africana (B.) and bottlenose dolphins Tursiops 
truncatus (M.) rely on information transfer to exploit their habitat (Janik 2000; Conradt & Roper 
2003; Lusseau 2003), as do short lived animals, including fish, for example three-spined 
stickleback Gasterosteus aculeatus L. (Pike et al., 2008) and have a capacity to learn behaviours 
from conspecifics.  
Fish use learning and memory to orientate within their environments, being predisposed to 
learn specific associations at specific times or places for particular navigational problems they 
are likely to encounter (Odling-smee & Braithwaite, 2003). Social transmission of information 
plays a major role in determining how animals obtain information about the environment and 
can influence movement, resource use and patterns of interaction (Danchin et al., 2004: Webster 
et al., 2013). Recent research in Canada, tracking Atlantic salmon smolts (juveniles migrating to 
sea for the first time) originating from five rivers through the Gulf of St Lawrence as far as the 
Strait of Belle Isle (between the northern tip of Newfoundland and mainland Canada), found 
that the timing of smolt migrations from the different rivers were synchronised with each other 
and synchronised with that of kelts (adults which had spawned in fresh water and were returning 
to the sea). This has led to an interesting suggestion that smolts may learn migration routes from 
kelts (NASCO, 2012).  
Some of the earliest research into animal social networks was carried out on aquatic animals 
such as dolphins and guppies Poecilia reticulate P. (Krause et al., 2009). Lusseau (2003) 
studied a population of bottlenose dolphins (64 individuals) in the Doubtful Sound, Fjordland, 
New Zealand (between 1995 and 2001). Every time a school of dolphins was encountered, each 
adult member was photographed; individuals were identified from natural markings on the 
dorsal fin, resulting in data on the composition of 1292 schools. This information was used to 
123 
 
construct a social network for the population which was characterized by the presence of 
‘centres’ of associations, showing that not all individuals play an equal role in this society. 
These hubs were mainly adult females, with the exception of one adult male and seemed to 
comprise older individuals, that had many scars and that tended to be larger in size. These well-
connected individuals are known as keystone individuals and have a disproportionately large 
effect on the group dynamics or function (Sih et al., 2009). Studying the same dolphin 
population, Lusseau & Newman (2004), identified a number of sub-communities within the 
population that appeared to be the result of associations of individuals of similar age and gender. 
Sub-communities were linked by ‘broker’ individuals which appeared to play a crucial role in 
maintain cohesiveness of the dolphin community. 
Croft et al. (2004) marked 123 adult guppies in the Arima River, Trinidad, with individually 
identifiable visible implant elastomer and released simultaneously into the pool in which they 
were captured. Individual shoals of guppies were then re-sampled by seine net every day for 
seven days and the individuals making up the shoal noted, after which a total of 101 marked fish 
had been recaptured at least once. This network was found to be highly structured with well 
connected keystone individuals and less connected individuals on the periphery. Persistent 
pairwise associations were also observed but only between females. These interactions are of 
particular interest because repeated associations are thought to be important in the development 
of familiarity, which can confer a number of important advantages such as reduced food 
competition and increased predator evasion (see Dugatkin, 1997; Griffiths, 2003). Furthermore, 
repeated associations between pairs are the basic requirement for the evolution of reciprocal 
altruism (Milinski, 1987). Further study of guppies and three-spined sticklebacks by Croft et al. 
(2005a & 2005b) revealed social network structure was influenced by body length and shoaling 
tendency, with individuals interacting more frequently with conspecifics of a similar body 
length and shoaling tendency. Well-connected individuals were also more likely to interact with 
other well-connected individuals. 
Pike et al. (2008) individually marked three-spined sticklebacks that had been assessed for 
bold and shy behavioural types. These were held in aquaria of either all shy, all bold or mixed 
individuals, and fish interactions recorded every five minutes, by still photography over a 24 
hour period. Each image was then assessed for interactions; if fish were within one body length 
(< 45 mm) they were deemed to be interacting. Behavioural differences such as how bold or shy 
an individual was were shown to influence network structure with bold individuals having fewer 
overall interactions than shy fish, and bold fish tending to interact evenly across all group 
members and being more likely to move their location within the tank, thus being more active 
overall. By contrast, shy fish tended to interact with a smaller number of preferential group 
members and had a reduced tendency to move their location within the tank (thus less active 
overall). Learning ability and hence information exchange has been shown to vary between bold 
and shy individuals. Sneddon et al., (2003) investigated whether hatchery reared rainbow trout 
Oncorhynchus mykiss (W.) could be classified as either bold or shy individuals based on their 
behaviour. Since boldness and shyness affect the willingness to take risks, the amount of time 
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spent in the open area of the tanks was assessed. The two groups were then tested for their speed 
at acquiring a basic learning task. Bold fish demonstrated a quicker learning ability than shy 
fish. 
Social network structure can be assessed with simple descriptive statistics that can be used to 
characterise structural components of the network and the position of chosen individuals in 
relation to others (Krause et al., 2009; Makagon et al., 2012). For example, an individual’s 
‘degree’ is the number of direct connections a node has with other network nodes (i.e. number 
of direct social partners an individual has; Wey et al., 2008; Sih et al., 2009;  Makagon et al., 
2012) or the number of immediate neighbours a node (individual) has when visualising the 
network. Degree can be binary or weighted; binary degree (see Makagon et al., 2012) simply 
tells how many nodes a node is connected with, thus if all individuals interact with all other 
individuals there would be no variation in binary degree. However, weighted-degree (sometimes 
referred to as strength) takes account of the number of interactions between nodes (Makagon et 
al., 2012), thus producing a more variable metric in the situation decribed above.  A node’s 
‘clustering co-efficient’ is a measure of the degree to which nodes tend to cluster together 
(Makagon et al., 2012) or the tendency for the individual’s social partners to also be socially 
connected with each other (Sih et al., 2009). For example; if there are three individuals (‘x’, ‘y’ 
and ‘z’) and individual ‘y’ interacts with both ‘x’ and ‘z’, but ‘x’ and ‘z’ do not interact with 
each other, then ‘y’ has a binary-degree of 2 but no clustering co-efficient. However, if ‘x’ and 
‘z’ interact once, then ‘y’ will still have a binary-degree of 2, but it will now have a low 
clustering co-efficient, and if ‘x’ and ‘z’ interact many times then their clustering co-efficient’s 
will increase as would their weighted-degrees. Networks can also be presented in diagrammatic 
form with nodes (points) representing individuals (or groups, subgroups, behaviour, location 
etc.) and lines (or edges) representing the relationships (e.g. social interactions) between them 
(Makagon et al., 2012).  
Common bream are true social animals, which according to Pitcher (1979) behave normally 
only when in full sensory contact, employing both lateral line and vision simultaneously to 
maintain individual distance and shoal position. Visual, chemical (pheromone), sound and touch 
stimuli are used to maintain social groups. Pitcher (1979, 1983, 1986) defined the term ‘shoal’ 
to refer to any group of fish formed by social attraction and ‘school’ to refer to synchronised and 
polarised swimming groups. Social interaction amongst cyprinids is thought to be important 
with respect to predator-prey interactions, fright reaction, foraging/feeding, reproduction e.g. 
spawning territoriality; which has been observed in common bream (Pocin et al., 1996) and 
migration/homing (Smith, 1991). There is also evidence of within shoal dominance hierarchies 
in cyprinids (Smith, 1991) including common bream (Pitcher, 1979). Pitcher (1979) observed 
behaviours of common bream in a tank arrangement that allowed fish to be observed when in 
full sensory contact (visual, lateral line & olfactory), visual and olfactory contact and visual 
contact only.  He observed that both lateral line and vision were employed simultaneously to 
maintain individual distance and therefore shoal position. Lack of lateral line input resulted in 
greater synchrony with a neighbour and common bream in full sensory contact were more likely 
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to make forays away from each other. Pitcher (1979) concluded that lateral line, vision and 
olfaction are used in shoals (a social group of fish), but probably only lateral line and vision in 
the maintenance of schools (polarised synchronised groups). Krause (1993) studied the feeding 
rates of roach and chub in a shallow stream near Cambridge, UK and found roach at the front of 
the shoal had significantly higher feeding rates and also had a higher tendency to palagic 
feeding than roach at the back of the shoal which fed more on the bottom, linking shoal position 
and potentially social status with increased fitness potential. These fish were caught and half 
were deprived of food and the other half well-fed for 3 days in captivity. After release 36% of 
them joined their old shoal again. Individuals from the starved group occupied front positions 
significantly more often than well-fed fish, but after 2 days this difference disappeared. 
Indicating that shoal position may be associated with resource needs. 
 The study of social interactions amongst fish has been largely confined to relatively small 
species inhabiting small environments over small periods of time, due to the ease that these can 
be studied in both the laboratory and field settings (Hoare & Krause, 2003). Here, social 
networks are constructed for each of the seven groups of fish tracked using acoustic telemetry. 
To my knowledge this is the first study to construct and analyse social networks from telemetry 
data of wild fish in their natural environment. Temporal trends in individual weighted-degree 
are analysed as a measure of sociality and social network structure is examined in the context of 
individuals’ gender, age, size and spatio-temporal behaviour. It was hypothesised that because 
males and females face different selection pressures, which are likely to differ at different times 
of the year (Andersson, 1994), male and female weighted-degree would differ and that this 
would depend on the time of year. Additionally, because the activity levels and home-range size 
(HRS) varied in relation to season and because common bream are known to become more 
aggregated in the autumn and winter months (see Chapters 4 & 5), weighted-degree was 
predicted to vary in relation to month. In light of the results of Croft et al. (2005a & 2005b) it 
was also predicted that sociality would vary with individual body size. 
 
6.2  Materials and Methods 
Study area, sampling techniques and tagging procedure are described previously. In summary 
eighty-three adult common bream were tracked with acoustic telemetry in seven groups. These 
seven groups were treated as discreet units when investigating their social networks because fish 
from the different groups were often unable to interact with one another during the study due to 
the temporal spread of tagging and the lifespan of the acoustic transmitter. 
 
6.3  Data handling and statistical analysis 
To assess social interactions between fish from each group, the number of days in each month 
that fish were recorded interacting was calculated. The definition of an interaction has usually 
been study-specific, used to estimate relationships by observed interactions or associations 
between individuals, ranging from behavioural events (such as grooming) to co-occurrence 
(Lusseau et al., 2008). Thus here, like studies by Lusseau (2003), Croft et al. (2004) and Pike et 
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al. (2008), interactions were based on co-occurrence with an interaction defined as two fish 
detected at the same receiver within one minute of each other. Given the range of the receivers 
(up to 400 m in good conditions) an interaction might be recorded between two fish when they 
are several hundred metres apart, thus fish may be classed as interacting when in fact they may 
not be. However, given the constraints of the tracking technology used, this was deemed a 
suitable criterion in that the method should give an indication of interaction opportunities, if not 
actual interactions themselves. Data were analysed for each group until 80% of the group had 
either left the study area or their tags had expired, due to the bias of including fish/tags that did 
not have the opportunity to interact for these reasons. Details of the size and sampling period for 
each group are presented in Table 6.1. 
Social networks were constructed for each group using the mean number of interaction days 
per month with ‘Netdraw’ as part of the Ucinet© software (Borgatti et al., 2002). These 
diagrams illustrate social network metrics; symbols or nodes represent individuals and lines or 
edges represent interactions. Group social network structure was measured by the individual’s 
monthly weighted-degree (which takes account of the number of interactions between nodes; 
Makagon et al., 2012). This was calculated for each individual on both a monthly basis (where 
possible) and across the entire study period (Table 6.1), using the Ucinet© software and was 
used as measures of each individual’s sociality during that period. During some months an 
individual’s weighted-degree could not be calculated i.e. when an individual did not interact 
with any other fish. Each individual’s spatio-temporal behaviour was quantified by calculating 
mean ‘monthly distance’ and mean monthly 90% & 100% HRS (Chapters 4 & 5) during the 
sampling period (Table 6.1). The effects of the time of year (i.e. month), group (i.e. tagging 
event, Table 6.1), time since tagging (number of months), gender, fork length, and ‘monthly 
distance’ on an individual’s monthly weighted-degree were analysed with GLM-ANOVA (with 
group as a random factor). Monthly HRS was not used in the model because ‘monthly distance’ 
and HRS co-vary (Chapter 5). Maximal models were constructed with the significance of the 
independent  
 
Table 6.1 Sample size and sampling periods for the analysis of social networks for each group. 
Group 
(see 
Figure 
6.1) 
Number of 
individuals in 
group 
Start of sampling 
period 
End of 
sampling period 
Length of 
sampling period 
(months) 
A 7 November 06 April 07 6 
B 7 February 07 April 08 15 
C 10 October 07 May 08 8 
D 19 December 07 June 08 7 
E 15 October 08 September 09 12 
F 13 December 08 June 09 7 
G 12 February 09 July 09 6 
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variables assessed following stepwise deletion (starting with the higher order interaction terms). 
Minimal regression models were then used to confirm results on significant covariates. In  
addition, the effects of gender and fork length, and mean ‘monthly distance’, mean monthly 
90% & 100% HRS on an individual’s overall (across the entire study period, Table 6.1) 
weighted-degree were analysed with GLM-ANOVA (with group as a random factor) and 
Pearson correlation respectively. The frequency distribution of individual overall (entire study 
period; Table 6.1) weighted-degree was tested for normality using the Anderson-Darling 
method. 
 
6.4  Results 
Social networks for each group (A-G Table 6.1) were constructed using the mean number of 
interaction days per month with Netdraw as part of the Ucinet© software (Borgatti et al., 2002) 
and are presented in Figure 6.1. The mean monthly weighted-degree for each group is presented 
in Figure 6.2. Group had a non-significant effect on monthly weighted-degree (GLM-ANOVA; 
F6,587 = 1.30, P = 0.25) as did fork length (GLM-ANOVA; F1,587 = 1.04, P = 0.31), gender 
(GLM-ANOVA; F1,587 = 0.14, P = 0.71), time of year i.e. month (GLM-ANOVA; F11,587 = 1.38, 
P = 0.18) nor the interaction between gender and month (GLM-ANOVA; F11,587 = 0.82, P = 
0.62). However, significant effects of both ‘monthly distance’ (GLM-ANOVA; F1,587 = 69.45, P 
< 0.0001) and time since tagging (GLM-ANOVA; F1,587 = 5.77, P = 0.017) were revealed. 
Minimal regression models also revealed significant effects of ‘monthly distance’ (r = 0.013, t = 
8.58, P < 0.0001) and time since tagging (r = -0.05, t = 5.3, P < 0.0001). Thus, the sociality of 
the fish varied according to how long they had been tagged; fish were more sociable soon after 
tagging. Also there was an effect of ‘monthly distance’ moved, with more active individuals 
(those that moved over greater distances) being more social. The mean monthly weighted-
degree over the 12-month cycle is presented in Figure 6.3 and the mean monthly weighted-
degree since tagging event (months) is presented in Figure 6.4.  
 
 
A 
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Figure 6.1 Social network structure (mean number of interaction days per month) for the 7 
groups (A-G Table 6.1) constructed with Netdraw (Ucinet©; Borgatti et al., 2002). Connecting 
lines are weighted to indicate the number of interaction days. Females are indicated by open 
nodes, males by shaded nodes. Numbers next to nodes are the individual fish (tag) ID numbers. 
E 
F 
G 
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Figure 6.2 Mean monthly weighted-degree per group (± SE). Weighted-degree represents how 
many other individuals each individual is connected to, taking account of the number of 
interactions between individuals.  
 
Analysis of individual fish’s weighted-degree across the entire study revealed no effect of 
gender (ANOVA; F1,82 = 1.73, P = 0.199) nor fork length (ANOVA; F1,82 = 0.67, P = 0.778). 
Overall weighted-degree correlated with mean ‘monthly distance’ moved (Pearson correlation r 
= 0.449, df = 83, P < 0.0001) but did not correlate with either mean monthly 90% HRS (Pearson 
correlation r = 0.000, df = 83, P = 0.999) nor mean monthly 100% HRS (Pearson correlation r = 
0.039, df = 83, P = 0.724). Thus gender, fish size nor HRS appeared to affect sociality, but 
activity level did. To investigate the individual variation in the sociality of the tracked fish a 
frequency histogram of weighted-degree for all 83 common bream is presented as Figure 6.5. 
There was no evidence to suspect data were not normally distributed (n= 83, AD = 0.487, P = 
0.218). The distribution of the weighted-degree suggests that some fish are more social than 
others. However, because the frequency histogram does not depart from normal this simply 
represents either end of a continuum. Thus, there is no evidence for a dichotomy in sociality. 
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Figure 6.3 Mean monthly weighted-degree over the 12-month cycle (± SE) for all groups. 
 
 
 
 
Figure 6.4 The influence of time from tagging event on the mean monthly weighted-degree for 
all groups (± SE). 
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Figure 6.5 Frequency histogram of the overall weighted-degree for all fish. 
 
6.5  Discussion 
The networks presented in Figure 6.1 illustrate how some individuals are more social than 
others and that some fish pairings interact more often than others. Also, in every group every 
individual is directly connected to every other individual, this is likely to be an artefact of all 
fish in each group being caught, tagged and released together. The extent of sociality appears to 
follow a normal distribution, such that there was no evidence of discrete classes of social/non-
social fish. Overall weighted-degree peaked in October; this is possibly an artefact of the results 
from groups C and E, which were both tagged in October and had high numbers of interactions 
in the first month after tagging. There was only one other group which had results for October, 
leading to this unusually high mean for this month. This is consistent with the time after tagging 
analysis. Sociality was positively related to the activity levels of the fish, with more active 
individuals being more socially connected. More active fish would have more opportunity to 
interact with conspecifics so that they are more social would be expected. However, HRS did 
not affect individual sociality, thus it appears that activity level, is more important in sociality as 
opposed to HRS. Therefore an active animal with a small HRS may be more social than a less 
active individual which occupies a larger HRS. 
That sociality peaks in the autumn / winter months is expected as common bream are known 
to aggregate around these seasons offering more opportunity for social interaction. However, the 
observation that gender nor size influenced sociality might reflect a true lack of effect, or it 
might be obscured by other factors, including time of year and time since tagging event. Fish 
interacted more often shortly after tagging which could have simply been due to fish being in 
the same location and therefore having more opportunity to interact. This in itself demonstrates 
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a lack of strict shoal faithfulness, and while common bream are a recognised shoaling species, 
the composition of these shoals may be plastic given the overall size of the population present.  
However, little evidence could be found to support the hypothesis that these groups of fish 
remained in each others’ company for extended periods. This may also be due to the small 
sample size of tracked individuals within a large population; which could be hiding other 
interactions with fish not tracked. Hanneman & Riddle (2005) state that social network analysis 
tends to study whole populations by means of census rather than drawing on samples. Within 
the current study sampling occurs at two levels; firstly only a small sample of the population 
was tagged / tracked and secondly sampling only occurred when tagged fish were in range of the 
receivers. Thus, the number of tagged fish is a relatively small proportion of the overall 
population, which may be insufficient to draw conclusions on how these fish interact socially 
and by sub-sampling interactions at receivers it is possible that a substantial number of 
interactions outside the range of the receivers were missed. Lusseau et al. (2008) draw attention 
to this source of uncertainty and its consequences on results and analyses. However, in this 
respect my sampling strategy is similar to that used by Lusseau (2003) and Lusseau & Newman 
(2004) who sample interactions when dolphins are encountered within Doubtful Sound on boat 
trips, and as such the temporal and spatial coverage of my study probably cause less uncertainty 
than these previously mentioned studies in this particular regard.  
Given the resolution of the study (a small sub-sample of the population, sampled at a 
relatively small number of locations) and the fact that there are many potential confounding 
variables, it is perhaps unsurprising that few factors or co-variants explained the observed 
variation in individual sociality. 
 
 
  
134 
 
Chapter 7  Conclusions, management implications and recommendations for further 
research. 
 
7.1  Rehabilitation of lowland rivers 
Studies show that fish preferring both flowing water (rheophilic) and still water (limnophilic) 
are both at risk in large rivers worldwide (Buijse et al., 2002). The underlying cause for this 
continued environmental degradation and overexploitation of aquatic resources is the ever 
growing human population that places increased demands for agriculture, industry and power 
generation (Collares-Pereira & Cowx, 2004). However, legislation such as the EU Habitats 
Directive (92/43/EEC) and Water Framework Directive (2000/60/EC) are giving new impetus to 
the restoration of freshwater habitats. Although restoration to pristine conditions is a utopian 
view, improvement is possible and if carried out appropriately, fish conservation management 
will deliver wider environmental benefits and protect biodiversity for future generations 
(Collares-Pereira & Cowx, 2004). Therefore, restoration should focus on the dynamics and 
condition of the main channel, floodplain and tributaries as a whole to increase the diversity of 
ecotones that would have been present before human intervention. Without ecologically sound 
restoration of degraded systems, the remnants of endangered species rich riverine/floodplain 
environments will continue to decline (Ward et al., 1999). 
In-channel river restoration (see www.therrc.co.uk) is a relatively common rehabilitation 
technique suited to the upper reaches of modified riverine ecosystems. By contrast, restoration 
schemes at the floodplain scale along lowland rivers are few (Buijse et al., 2002) although such 
ambitious schemes can deliver increased benefit to fish populations (e.g. Grift, 2001). However, 
recommendations made here (see sections 7.2.4 & 7.2.5 below) are meant to represent realistic 
and achievable management actions aimed at increasing the value of existing habitat types to 
fish populations.  
Restoration of riparian habitats is an effective rehabilitation tool in lowland rivers where 
embankments have disconnected river channels from their floodplains (Langer & Smith, 2001). 
Moulton et al. (2012) used electro-fishing to survey juvenile fish assemblages in four riparian 
mesohabitat types (spawning ground, concrete embankment, foreshore & semi-natural) in the 
heavily modified lowland River Yser, Belgium. Juvenile fishes preferred natural habitat types, 
whereas artificial embankments showed the lowest species richness, abundance and functional 
organisation of juvenile fish species. Restored riparian habitats were preferred to artificial 
embankments, with juvenile fish avoiding bare microhabitats favouring grassy, woody and 
reedy habitat types equally, emphasizing the importance of microhabitat diversity. While the 
reconnection of existing floodplain waterbodies such as gravel pits (Nunn et al., 2007) and 
borrow pits (Rysava-Novakova et al., 2009) have been studied as surrogates for lost backwaters 
and floodplain waterbodies, there is little scope for such schemes along the lower Witham due 
to the lack of such waterbodies adjacent to the river channel and the requirement to move levees 
to achieve such reconnections. However, if such areas were to become available their 
reconnection would also be a valuable management action. These environments are usually far 
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from ideal, lacking shallow water and cover, but can act as sub- habitats and improvements on 
the status quo, although they could be improved to contain such features through intervention or 
by design. 
 
7.2  Conclusions 
7.2.1  Review of rivers, fish, human interventions, telemetry and common bream. 
 Migration is an essential aspect in the lives of freshwater fishes. The modification of rivers 
during recent history has restricted habitat availability, leading to reductions in fish numbers 
and biodiversity. Understanding the temporal - spatial behaviour of fishes is vital to the 
management and rehabilitation of modified rivers. Migration by coarse fish in lowland rivers 
is an important component of their life-cycle and to sustain stocks in a moderately natural 
state, river management must be sensitive to these requirements (Lucas, 1998).  
 Modification of lowland riverine ecosystems for the purposes of navigation (impoundment 
and barriers), flood control (artificial levee construction), land drainage (artificially high 
peak flows) and flow regulation (modification of hydrograph) are prevalent. Changes in 
river morphology generally shift riverine ecosystems from lentic towards lotic environments 
(Welcomme, 1994) through habitat degradation and reduced longitudinal and lateral 
connectivity. The reduced ability of fish to exploit specialised habitats required for the 
completion of their life-cycles negatively impacts on fish populations and community 
structure (Pinder, 1997). 
 Common bream are adapted to utilise lentic habitats for spawning, nursery and flow refuge, 
therefore river modification will impact this species which is common to lowland rivers in 
Europe. 
 Telemetry offers unrivalled insights into the behaviour and habitat use of fishes with the 
potential to direct rehabilitation effort. Given the extent of river modification and its 
prevalence in the lower reaches of rivers throughout the world (Welcomme, 1994) and the 
information that can be gained from the use of telemetry techniques, there is a paucity of 
such research in lowland river environments. 
 
7.2.2  The ecology of the lower River Witham 
 The lower River Witham is a heavily modified and managed riverine environment lacking 
meanders and a free flooding floodplain; both having importance for fish communities and 
ecology. Lateral habitat is available, although limited and this has been reduced in the past 
by the disconnection of tributary waterbodies. Understanding the functions of such habitats 
is essential to management. 
 Currently the lower river is dominated by roach. Eurytopic species, like roach and perch, 
have less strict requirements for spawning habitats and are thus able to establish populations 
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in a wide range of waterbodies (Schiemer & Waidbacher, 1992; Nunn et al., 2007) leading 
to their dominance in modified habitats (Wolter, 2001a). The dominance of roach and perch 
is common in modified lowland rivers in Europe (Wolter & Vilcinskas, 1997; Wolter, 
2001a; Wolter, 2001b). However, specifically adapted floodplain species like common 
bream are present, but their behaviour prevents consistent representation in 
fishery/ecological assessments.  
 
7.2.3  Effects of tagging and translocation 
 The tagging protocol used did not significantly affect the fish’s behaviour immediately after 
tagging and therefore all telemetry data collected should be used in subsequent analyse.  
 Translocation did not significantly affect the level of the activity (distance moved) of the 
translocated fish; however it did affect their liner range as fish display ‘homing behaviour’ 
back towards the original capture site. The most likely scenario is that fish follow olfactory 
cues. 
 Capturing fish on the fringes of the study area may increase the likelihood of those fish 
leaving the study area and depleting experimental sample sizes.  
 
7.2.4  Seasonal movements and shifts in habitat use 
 The results presented have implications locally and for wider lowland river management and 
rehabilitation schemes, as well as emphasising the importance of connectivity within riverine 
ecosystems. Thus the addition of fish passes to all barriers to migration, will allow fish, eels 
and elvers to access habitats upstream.  
 Shallow tributaries provide valuable spawning habitats in lowland riverine ecosystems, 
which should be protected and possibly enhanced in terms of both quality and quantity. Two 
such tributaries, Branston and Metheringham delphs (Figure 7.1), of the lower River Witham 
have been made inaccessible to fishes. The reconnection of these channels to the main river 
channel would seem an obvious rehabilitation action to boost recruitment by providing 
additional spawning and nursery habitat to enhance the common bream population, and 
other species of fish. 
 Deeper tributaries appear to provide both refuge habitat in the autumn and over-wintering 
habitat. Thus the management of water levels could be used to increase the value of lateral 
habitat; retaining the main river depth at summer levels throughout the whole year would 
increase the winter depth of the shallower tributaries, making them more accessible to 
common bream and other fishes during periods of cold weather and high main-channel flow.  
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Figure 7.1 Metheringham delph which was disconnected from the main river in the 1990s. The 
delph could be reconnected to the lower river to provide additional spawning, refuge and 
nursery habitat. In this photograph the main river runs perpendicular to the delph, behind the 
position of view (authors own photo). 
 
A more consistent depth (during normal flow conditions) would also improve the value of 
marginal habitats (see Riis & Hawes, 2002) throughout the whole reach and tributaries. 
 More homogeneous riverine environments (i.e. the lower reach of the study area; zone 7) 
were seldom used by the tracked common bream. The Huntspill River, Somerset UK, which 
has suffered similar levee construction as the lower River Witham, has benefited from a 
reduction of bank gradients and the construction of off-channel bays. These measures 
increased the abundance and diversity of 0-group fishes by producing spawning, nursery and 
refuge sites for coarse fish assemblages (Langler & Smith, 2001). Potential sites for such 
habitat creation should be identified along this length of lower river, to provide shelter and 
spawning sites that could boost recruitment and survival of juvenile fishes (see also Mouton 
et al., 2012).  
 Increasing lateral migration opportunities for adult fish by reconnecting floodplain 
waterbodies (see Staas & Newman, 1994; Grift et al., 2001; Nunn et al., 2007) has benefited 
recruitment of riverine fish populations. Existing tributary habitat should be protected and 
the feasibility of reconnecting Branston and Metheringham delphs to the main river channel 
should be investigated to provide additional spawning and nursery habitat to enhance fish 
populations.  
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 Such targeted improvements will be necessary if riverine habitats are to meet ‘good 
ecological status/potential’ by 2027, as stipulated by the EU Water Framework Directive 
2000/60/EC. 
 
7.2.5  Home range size and effects of artificial water level manipulations 
 Home-range size varied with season being larger during the spring and summer months in 
comparison to the autumn and winter months. Mean monthly home-range estimates also 
correlated with mean ‘monthly distance’ moved, as a measure of fish activity indicating that 
during the warmer summer months when common bream were more active they also 
occupied larger home-ranges. 
 Water level change appeared to affect home-range size; when levels were reduced in the 
autumn home-range size decreased, whilst in the spring when levels were increased home-
range size increased. 
 The seasonal manipulation of water levels to increase in-river flood storage capacity appears 
to be a historic practice. Thus, river managers should carry out hydrological modelling to 
investigate if such actions really do benefit flood risk mitigation. If the practice is ineffective 
against flood risk mitigation there is reason to discontinue such practice as retaining the 
main river at summer levels throughout the whole year would increase the depths of 
tributaries during the winter, making them more accessible to common bream and other 
fishes during periods of cold weather and high main channel flow for over-wintering and 
refuge (see Chapter 5). Alternative strategies should be researched; rather than historical 
seasonal manipulation, levels could be lowered on an ad-hoc basis before forecast rain 
events, thus minimising behavioural impacts on resident fishes. On the River Witham some 
preliminary modelling has taken place which suggests that although there are implications 
for flood risk should the river be retained at summer level all year round, mitigation against 
this increased risk may be straight forward, however more detailed investigation is required 
(J. Brown, Environment Agency, pers. comm.). While there are a number of conflicting 
interests surrounding the water level management of the lower River Witham, the principle 
of a stable water level has gained support and is being investigated within the context of the 
Lower Witham Catchment Management Plan, which aims to meet Good Ecological 
Status/Potential as stipulated by the EU Water Framework Directive 2000/60/EC (Dr. H. 
Barber, Environment Agency, pers. comm.). Other affected catchments are recommended to 
follow a similar strategy. 
 The current water level management ragime prohibits the establishment of permanent 
marginal habitat vegetation, which is of great value to fish and aquatic wildlife. Un-
manipulated water levels would aid the establishment of permanent marginal habitats which 
would benefit fishes and other aquatic wildlife. River management should strike a balence 
between allowing the most natural discharge pattern possible, thus helping to maintain  
139 
 
 
 
 
Figure 7.2 The lower river at Chapel Hill at winter retention level with marginal habitat high, 
dry and exposed to frost. Varying water levels prohibit the establishment of permanent marginal 
habitat vegetation, which is of great value to fish and aquatic wildlife (authors own photo). 
 
natural biological communities, whilst safe-guarding local conurbation and valuable 
agricultural land from damaging flooding events. 
 
7.2.6  Social networks 
 The study of social networks of the tracked common bream revealed that more active 
individual fish were found to be more socially connected, but home-range size did not 
significantly affect sociality. However, there was no evidence of long-term shoal faithfulness 
recorded amongst any of the seven groups tracked and the extent of sociality appears to 
follow a normal distribution, such that there was no evidence of discrete classes of 
social/non-social fish, but sociality represented a continuum rather than a dichotomy. Results 
may have proved inconclusive due to the relatively small proportion of the rivers’ common 
bream population that were tagged and therefore had their interactions recorded. 
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7.2 Recommendations for further research 
 Investigation of the habitat use of roach to provide data on areas for spawning and shelter 
during floods, similar to the data collected here, would provide an interesting comparison. 
Anecdotal reports and observations made during this study suggest roach have different 
behaviours from those of the common bream population. Roach are dominant in many 
lowland rivers and thus may have less specific habitat requirements than common bream. 
However, there is concern over roach stocks in many rivers which have lead to artificial 
propagation programmes such as the Avon Roach Project (see 
www.avonroachproject.co.uk). Technological developments will see acoustic tags coming 
on the market in the near future of a much smaller size than previously available, to 
overcome the problem of tag size to battery life ratio that can be used with smaller species 
and / or age classes.  
 The study here examined the movements and habitat requirements of adult common bream. 
When technology allows, similar studies should be performed on juvenile common bream to 
identify their requirements. 
 The effects of water level manipulation on home-range size should be investigated more 
closely by the random manipulation of river levels throughout the year and home-range sizes 
measured accordingly. The principle of reduced water levels influencing home-range size 
could also be tested more simply in laboratory based artificial tanks. 
 The study of social networks amongst common bream in lowland rivers should be carried 
out where all individuals in the population can be captured and tagged. This therefore lends 
itself to a small impounded study area, which would aid the study as fish would be in 
relatively close proximity therefore reducing the chance of fish being spatially despite and 
therefore unable to interact for long periods of time.  
 A more in-depth study of how and when common bream use the tributaries for spawning 
should be carried out. With emphasis on what micro-habitat features of the tributaries and 
environmental variables are required for the successful spawning of common bream. 
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